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Abstract 
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Abstract 
For biomedical application in the field of artificial hip joints diamond-like carbon (DLC) 
coatings have been widely studied due to their excellent mechanical, tribological and biological 
properties. At present the lifetime of such joints is just about 15 years and some (10%) of 
patients require second replacement. In consequence, it is currently an urgent need to extend the 
life expectancy especially for younger patients under 50 years old. As is well known, the wear 
particles as the main factor limiting the life expectancy of hip joints have attracted more and 
more interest, in particular, the amount of wear particles. However, it is rare to see the reports 
about wear particle size distribution. 
The key contribution of this dissertation is a new approach-design of wear particle size 
distribution, which is an initial and important step of DLC research in artificial hip joint field. In 
addition, DLC coating is grown by a new deposition technique based on the vacuum arc, which 
allows the transition from cathodic to anodic operation mode by adjusting the anode-cathode 
diameter ratio. The main aim of this dissertation is to investigate the influence of deposition 
parameters on the wear particle size distribution, as well as the structure and tribological 
properties of DLC coatings. It is shown that it is possible to reduce the wear particle size by 
optimization of the deposition parameters. 
Für biomedizinische Anwendungen im Bereich künstlicher Hüftgelenke wurden DLC- 
(diamond like carbon) Schichten hinsichtlich ihrer ausgezeichneten mechanischen, 
tribologischen und bioinerten Eigenschaften weitreichend untersucht. 
Gegenwärtig beträgt die Lebensdauer dieser Implantate in etwa 15 Jahre, so dass ca. jeder 
zehnte Patient einen weiteren Austausch benötigt (Revisionsoperation). Folglich ist es, besonders 
für jüngere Patienten unter 50 Jahren von großer Wichtigkeit, die Standzeit dieser 
Gelenkimplantate zu erhöhen. 
Da Abriebpartikeln bekanntermaßen der Faktor sind, welcher die Standzeiten dieser 
Hüftimplantate am meisten beschränkt, rückten diese (speziell in ihrer Quantität) in der 
Vergangenheit zunehmend in den Fokus der wissenschaftlichen Betrachtung. 
Ungeachtet dessen gibt es nur wenige Veröffentlichungen über die Partikelgrößenverteilung. 
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Der Schlüsselbeitrag dieser Dissertation ist ein neuer Ansatz zur Beeinflussung der 
Partikelgrößenverteilung, welcher einen innovativen und wichtigen Schritt in der Erforschung 
von DLC-Schichten für künstliche Hüftgelenkimplantate darstellt. 
Hierbei kommt ein neuartiges Beschichtungsverfahren, welches auf dem 
Vakuum-Lichtbogenverfahren basiert, zum Einsatz. Durch Variation der Elektrodendurchmesser 
erlaubt es dieses Verfahren, die DLC-Schichten sowohl vom kathodischen als auch vom 
anodischen Lichtbogen abzuscheiden. 
Hauptziele dieser Dissertation sind sowohl die Erforschung des Einflusses der 
Beschichtungsparameter auf die Partikelgrößenverteilung sowie auch die strukturellen und 
tribologischen Eigenschaften der DLC-Schichten. 
Es wird gezeigt, dass es möglich ist, die Größe der Abriebpartikeln durch Optimierung der 
Beschichtungsparameter zu reduzieren. 
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1. Introduction 
1.1 The challenge 
DLC coatings play a significant role in biomedical application, especially in the field of 
artificial hip joints. Recently, biomaterials have made great progress in medical device industry. 
Every year large numbers of artificial organs are implanted into the body, for example, heart valves, 
cardiovascular stents and hip joints. However, the implanted materials have to be suffering from 
corrosion in body environment and toxic reaction. For artificial hip joints, they not only must have 
to resist to corrosion, but also prevent a large amount of wear debris or particles generated which 
result in loosening of the prosthesis. Therefore, surface modification takes on an importance in the 
biomedical field. DLC coatings as a new material, due to their excellent mechanical, tribological 
and biological properties, receive much attention in load bearing joints. 
Given its importance, first many methods have been developed for the deposition of DLC 
coatings in biomedical applications (see Section 2.3). And some basic problems have been 
reported and resolved in the literature. It is widely acknowledged that a material implanted into 
human body has to be biocompatible. The implant has to withstand corrosive environment and not 
cause inflammatory or any repulsive body reaction. All studies [1-7] about biocompatibility tests 
of DCL-coated surface demonstrated that there are no any adverse effects on body, and 
DLC-surfaces also have an excellent haemocompatibility. It is known that DLC shows a very low 
wear and also a low friction in atmosphere against most materials. 
A key challenge in the field of artificial hip joints is the limited life expectancy of implants 
(see Section 3.1.2). Conventional artificial joints with tribological metal-on-polyethylene parings 
are subject to wear and it is well recognized that the most serious consequences come from those 
wear debris in the range of 0.3 µm ~ 10 µm due to the formation of polyethylene debris at a rate 
around 10
10
 particulates per year [8, 9] (see Section 3.2.1). These wear debris is identified as the 
main factor limiting the lifetime of the implants. Especially these particulates are phagocytosed by 
macrophages resulting in granulomatosis lesions, osteolysis and bone resorption, causing pain and 
aseptic loosening of the prosthesis [9, 10]. To address this challenge, different DLC coatings have 
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been deposited using different techniques, including vacuum arc deposition. Nevertheless the 
traditional vacuum arc technique has its own drawback (macro particles (so-called droplets)). 
Although some approaches to resolve this problem are reported [9, 11-17], there are still problems 
presented in industry (e.g. increase the technological complexity and hence the cost of the coated 
products, reduce the deposition rate as well). Here a new design for vacuum arc (see Section 5.3.1) 
is used to try to resolve these problems. This new design is based on the transition between 
cathodic arc and anodic arc (see Section 2.3.1.). 
What’s more, the study of wear particles has attracted growing research interest, especially 
about the number of particles, as reported in the literatures [18-21]. However, up to now, little is 
known about the effect of the distribution of particle size. 
The goal of DLC coatings deposited by new vacuum arc method is to study the wear particle 
size distribution, thus try to modify the size distribution. The natural questions are: 
1. Can the drawback of deposition technique be resolved by using new method?  
2. Is it possible to deposit DLC coatings on steel substrate by using new method? 
3. Can the deposition parameters influence the properties of DLC coatings and how? 
4. Is it possible to adjust or reduce the wear particle size by optimizing deposition 
parameters? 
This dissertation answers these questions affirmatively by doing a large number of 
experiments.  
1.2 Objectives and contributions 
This dissertation proposes a novel approach-design of wear particle size distribution regarded 
as an important step in DLC research, also as one of factors which effect the lifetime of implants. 
In more detail, the main objectives of this research are: 
1. Develop a new deposition method-based vacuum arc technique of DLC coatings. 
2. Analyze the structure of DLC coatings. 
3. Obtain the wear particles using tribological test. 
4. Propose a new approach-design of wear particle size distribution. 
5. Study the relationship between the wear particle size distribution and DLC coatings. 
1. Introduction 
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To accomplish these goals, the central thesis of this dissertation is that: 
For tackling the problem of traditional plasma filtering designs, it is possible to use a 
vacuum arc adjustable from anodic to cathodic operation mode to deposit the DLC coatings 
applied in the artificial hip joints, using this it is possible to modify the wear particle size 
distribution by varying the process parameters. 
In this dissertation the characterization and tribological properties of DLC coatings are 
outlined and evaluated, additionally, the importance of wear particles in hip joint replacements is 
involved. In particular, the study shows that: 
1. A new vacuum arc deposition method of DLC decreases the industrial cost of the coated 
products, and increases the deposition rate comparing with traditional plasma filtering 
designs. 
2. A new approach-design of wear particle size distribution in DLC research of artificial hip 
joint is an important step and must be considered seriously. 
3. The probability of controlling the wear particle size distribution can be realized by 
optimizing the deposition parameters.  
1.3 Research discussion 
This section unfolds the research problems of interest and discusses the research 
assumptions. 
1.3.1 Problem statement 
Presently medical metal materials used as joints, for example stainless steels, cobalt alloys 
and titanium alloys, lead to metal ions diffused into the surrounding tissue [20-23]. DLC can be 
used as a barrier coating to prevent leaching of metallic ions into the body. Here P2000, one kind 
of biocompatible steel, is used as the substrate. So from deposition to analysis of DLC coatings, 
some problems must be considered firstly. 
In this research context, there are three major problems to be tackled. 
1. How to deposit DLC on P2000 by vacuum arc because of bad adhesion of DLC on P2000. 
2. How to get and analyze wear particles? 
 4 
3. Whether wear particles distribution can be influenced and tuned by adjusting the 
deposition parameters or not? 
 Bad adhesion of DLC on P2000 
The first key issue in deposition DLC coating on P2000 steel is the adhesion. To improve 
adhesion of DLC on substrate, interface layer is required. According to the previous work in ref. 
[25], by comparing with chromium, titanium as interface layer was used. Actually although the 
adhesion is not the point in this thesis, a brief introduction about adhesion and interface layers in 
biomedical materials can be seen in Chapter 4 and the adhesion of DLC coatings to P2000 
substrate is considered and evaluated. The requirement addressed here is: How to improve the 
adhesion and how to be influenced by deposition parameters? 
 Tribological test setup 
The tribological properties of DLC coating not only depend on the DLC coating itself, but 
also on the whole tribological surroundings, including setup and lubricant. Moreover in order to 
simulate like in vivo, the appropriate parameters of wear tests must be chosen, e.g. normal force 
and velocity, which also affect the wear particles. In this work, the size distribution of wear 
particles is mainly from DLC coatings, not from interface layer or substrate. In addition the 
concentration of wear particles is related to the tribological surroundings, which is very important 
for getting the particle size distribution. The traditional wear testing setup is disc-on-pin. The 
difficulty addressed here is: Is it possible to get enough particles using traditional disc-on-pin 
setup? How to choose appropriate tribological parameters? 
 Particle size distribution analysis 
As described in ref. [25], in particle size distribution, every possible physical principle has 
been used to determine these distributions and the main problem is their unknown absolute 
accuracy. Anyway, the characteristics of particles are related to the chosen types and measures of 
quantity. Here the volume distribution is chosen to characterize the size of particles. Thus the 
concentration of particles is required. As discussed above, it’s the question whether enough 
particles can be generated during tribological test or not. One problem encountered is: How to 
collect the particles? Maybe there are many problems which must be faced resulting from particle 
size effect, e.g. particles adsorption and particles aggregation. 
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1.3.2 Assumptions and their motivation  
According to three main problems maybe encountered during the experiments, there are three 
central assumptions.  
 Why Ti as interface layer between DLC and P2000? 
As is known, when one material is implanted into the body it must be biocompatible. The 
biocompatibility of Ti has been confirmed in ref. [26], furthermore, R. Hauert et al. [27] report that 
the adsorption of different proteins can be altered by the content of Ti. What’s more, Ti can inhibit 
the differentiation of bone marrow cells into bone resorbing cells [28,29]. Here Ti as interface 
layer is deposited on P2000-steel substrate by vacuum arc (see Section 5.1 for clarification). 
 Disc-on-pin and disc-on-disc setup 
 
Figure 1.1 Tribological process diagram 
When the traditional disc-on-pin setup is used, the parameters of wear tests are the same as 
described in ref. [30]. In tribological test, the flow graph shown in Fig. 1.1 depicts tribological 
process and solutions of problems discussed above. In this part, it is assumed that more particles 
can be generated using disc-on-pin setup in tribological test. If few particles are produced using 
disc-on-pin, it will be difficult to analyze the particle size distribution due to low concentration of 
particles. For this problem, there are two solutions: one is to use disc-on-disc setup, and another is 
to change the radius of the wear track. 
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 Collection and analysis of wear particles 
In hip joint, the synovial fluid as a lubricant plays an important role to reduce friction between 
bones each other particularly. Therefore, in the tribological test lubricant must be considered. 
According to ref. [31], it is known that low wear seems to be not related to the protein which is 
present or absent in the lubricant. Thus, it is supposed that deionized water as lubricant will not 
influence the results of wear particle size distribution. 
Moreover, in order to prevent from particles adsorption, the container made of 
Polytetrafluoroethylene (PTFE) called no-stick coating is used to collect the wear particles due to 
the lowest surface energy. If the particles float on the lubricant resulting from surface tension, not 
in suspension, they are not suitable for analysis of the size distribution. For reducing surface 
tension, the surface active agent can be used. When nano-particles are generated, they easy cluster 
together, appropriate ultrasonic can make them separate. 
1.4 Thesis organization 
The dissertation is organized as follows: 
Chapter 2 gives an introduction to the DLC coatings background. In the first part, the 
structure and properties of DLC coatings are presented. In the second part, applications of DLC in 
several fields are reviewed, particularly, in the biomedical applications. The third part describes 
the deposition techniques of DLC coatings, especially the vacuum arc deposition.  
Chapter 3 gives an introduction to the hip joint replacements background, which is the main 
application in this dissertation. Wear particles as the main factor limiting the lifetime of artificial 
hip joints are presented. It also gives the background of the different kinds of artificial hip joint. 
Additionally it reviews the adhesion and interface layers in biomedical materials, although this 
part is not the main content. In this chapter failure mechanisms of DLC coatings in hip joints are 
also introduced. 
Chapter 4 describes the characterization and tribological evaluation of DLC coatings, 
including the morphology and structure, as well as tribological properties. It also proposes the 
evaluation of adhesion by cavitation erosion test. What’s more, the particle size distribution 
analysis is the main point in this thesis. 
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Chapter 5 introduces the deposition of titanium interface layer on P2000 by cathodic arc 
evaporation, and the deposition of DLC coatings by new vacuum arc equipment which the arc 
mode can be changed by adjusting the anode-cathode diameter ratio. The relationship between 
deposition pressure and arc voltage, as well as current is studied. 
Chapter 6, 7, 8 and 9 discuss the experimental results. Chapter 6 presents how to choose the 
suitable parameters of analysis of Raman spectra and wear test for DLC coating deposited by new 
method. Chapter 7 and 8 devote to the study of how different parameter influences the particle size 
distribution of DLC coatings. Chapter 9 investigates the adhesion of DLC coating by cavitation 
erosion test, and discusses how the deposition parameters affect the adhesion. 
Finally Chapter 10 draws conclusions on the accomplishments in this dissertation. The 
limitation in this work is also presented. In addition, several future researches are suggested. 
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2. DLC coatings background 
Diamond-like carbon (DLC) is a metastable form of amorphous carbon materials that 
displays some of unique structure and properties of diamond and graphite. 
2.1 Structure and properties of DLC coatings 
2.1.1 Structure of DLC coatings 
As is well known, carbon can form many allotropes due to its valence and has three 
hybridizations: sp
3
, sp
2
 and sp
1
 shown in Fig. 2.1 [1]. 
 
Figure 2.1 The sp3, sp2, sp1 hybridised bonding [1] 
The best known are diamond, graphite and amorphous carbon which correspond to the 
structures as shown in Fig. 2.2 [2-4]. Diamond has a cubic crystal structure with a fourfold sp
3
 
covalent bond structure. In the sp
3
 configuration, as in diamond, a carbon atom’s four valence 
electrons will arrange themselves in three dimensional spaces to get as far apart as possible, which 
make a strong σ bond to an adjacent atom, giving diamond its great strength. Graphite has a 
hexagonal lattice structure with sp
2
-bonded two-dimensional planes interconnected by weak 
forces (Fig.2.2 b). In the three-fold coordinated sp
2
 configuration as in graphite, three of the four 
valence electrons enter trigonally directed sp
2 
orbitals, which form σ bonds in a plane. The fourth 
electron of the sp
2
 atom lies in a pπ orbital, which lies normal to the σ bonding plane. This π orbital 
forms a weaker π bond with a π orbital on one or more neighboring atoms. In the sp1 configuration, 
two of the four valence electrons enter σ orbitals, each forming an σ bond directed along the 
±x-axis, and the other two electrons enter pπ orbital in the y and z directions. Usually, an 
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amorphous carbon can have any mixture of sp
3
, sp
2
, and even sp
1
 sites, with the possible 
presence of up to 60 at.% hydrogen [5]. 
 
(a)        (b)       (c) 
Figure 2.2 Carbon structure in (a) diamond, (b) graphite and (c) amorphous diamond-like carbon [2-4] 
DLC, as one kind of amorphous carbon material, has no long range order just short and 
medium range order. It contains mainly sp
3
 and sp
2
 both types of bonding with sp
2
-bonded 
graphite-like clusters embedded in an amorphous sp
3
-bonded carbon matrix and clearly it is 
harder and more brittle if the sp
3
/sp
2
 ratio is high [6]. In general, amorphous carbon is often 
abbreviated to a-C for general amorphous carbon, a-C:H for hydrogenated amorphous carbon, or 
to ta-C for tetrahedral amorphous carbon which has the maximum sp
3
 content. According to the 
sp
3
/sp
2
 ratio, various forms of DLC can be shown in Fig. 2.3 [7]. 
 
Figure 2.3 Ternary phase diagram for various DLC coatings with respect to sp3, sp2 and hydrogen contents [7] 
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It is shown that the hydrogenated forms of amorphous carbon can be classified into four 
types: polymer-like a-C:H (PLCH), diamond-like a-C:H (DLCH), hydrogenated tetrahedral 
amorphous carbon (ta-C:H), and graphite-like a-C:H (GLCH) with the H content of 40-60 at.%, 
20-40 at.%, 25-30 at.% and less than 20 at.%, respectively by C. Casiraghi et al. [8] in Fig. 2.3. 
The main effect of H in a-C:H is to change its C-C network by converting C=C groups into 
sp
3
 bonded CH-CH groups rather than to increase the ratio of C-C bonds compared to a-C of 
similar sp
3 
content. Therefore, most sp
3
 sites are hydrogen terminated which can cause the coatings 
with the highest sp
3
 content are soft and low-density, like PLCH [7, 9-10]. DLCH coatings with 
intermediate H content, although they have lower overall sp
3
 content compared to PLCH, have 
more C-C sp
3
 bonds so that the density is very high. Ta-C:H coatings in many literatures are 
defined as a class of DLCH. Actually ta-C:Hs are really a different category of a-C:H coatings at a 
fixed H content of 25-30 at.% due to the highest sp
3
 content (up to 70%) and higher density (up to 
2.4 g/cm
3
) [8,11]. For GLCH coatings sp
2
 bonding dominates at low H content. Sp
2
 sites exist in 
a-C:H as rings as well as chains. In addition the sp
2
 cluster size is decreased, with increasing H 
content, and the band gap is increased [5]. 
As can be seen the structure of amorphous carbon plays an important role in the properties 
itself. 
2.1.2 Properties of DLC coatings  
Table 2.1 Comparison of major properties of amorphous carbons with diamond, graphite, ta-C and 
polyethylene [7] 
 sp
3
 (%) H (at. %) Density (g/cm
3
) Gap (eV) Hardness (GPa) Refe. 
Diamond 100 0 3.515 55 100 [12] 
Graphite 0 0 2.267 0  [13] 
ta-C 80-88 0 3.1 2.5 80 [14-16] 
a-C:H hard 40 30-40 1.6-2.2 1.1-1.7 10-20 [9] 
a-C:H soft 60 40-50 1.2-1.6 1.7-4 <10 [9] 
ta-C:H 70 30 2.4 2.0-2.5 50 [17] 
Polyethylene 100 67 0.92 6 0.01 [18] 
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DLC is intermediate between diamond and graphite. The properties of DLC resemble, but do 
not duplicate those of natural diamond. Typical properties of the various forms of DLC are 
compared to diamond and graphite in Table 2.1 [7]. 
As Table 2.1 shows, the properties of DLC coatings can vary with tailoring sp
3
 content 
according to the different demand: soft films to hard films, semimetal to insulator, and so on. DLC 
coating can possess some extreme properties similar to diamond, especially excellent mechanical 
properties such as high hardness, high elastic modulus and chemical inertness. Additionally it has 
low friction coefficient and low wear. Owing to its amorphous structure, DLC has no grain 
boundaries, which allows it to be the smoother material. Besides of these properties, there are the 
other excellent properties, for example, high electrical resistance and a high optical transparency. 
The index of refraction is dependent on the concentration of bound hydrogen and not total 
hydrogen content in the film [19]. As is well known, the growth temperature of diamond as a 
coating material is high. By contrast, DLC coating can be deposited at the room temperature and 
has rather low costs. 
Furthermore, DLC coatings are not only chemically inert, but also biocompatible and 
haemocompatible [20-22]. Comparing with diamond, these advantages and outstanding properties 
make DLC coatings attractive for many applications and give DLC its wide range of applications 
noted below. 
References 
[1] J. Robertson, Amorphous carbon, Advances in Physics 35 (4) (1986) 317-374. 
[2] B. Bhushan, Chemical, mechanical and tribological characterization of ultrathin and hard amorphous  
carbon coatings as thin as 3.5 nm: recent developments, Diamond and Related Materials 8 (11) (1999)  
1985-2015. 
[3] J.C. Tan, A.K. Cheetham, Mechanical properties of hybrid inorganic-organic framework materials:  
 establishing fundamental structure-property relationships, Chem. Soc. Rev. 40 (2011) 1059-1080. 
[4] E. Staryga, G.W. Bak, Relation between physical structure and electrical properties of diamond-like carbon  
thin films, Diamond and Related Materials 14 (1) (2005) 23-34. 
[5] A.C. Ferrari, J. Robertson, Interpretation of Raman spectra of disordered and amorphous carbon, Physical  
Review B 61 (2000) 14095-14107. 
 
 14 
[6] G. Dearnaley, J.H. Arps, Biomedical applications of diamond-like carbon (DLC) coatings:  
A review, Surface and Coatings Technology 200 (7) (2005) 2518-2524. 
[7] J. Robertson, Diamond-like amorphous carbon, Materials Science and Engineering R Reports:  
A Review Journal 37 (2002) 129-281. 
[8] C. Casiraghi, A.C. Ferrari, J. Robertson, Raman spectroscopy of hydrogenated amorphous carbons,  
 Physical Review B 73 (2005) 085401 1-14. 
[9] P. Koidl, C. Wagner, B. Dischler, J. Wagner, M. Ramsteiner, Plasma Deposition, Properties and Structure of  
 Amorphous Hydrogenated Carbon Films, Materials Science Forum 52-53 (1990) 41-70. 
[10] J. Ristein, R. T. Stief, L. Ley, W. Beyer, A comparative analysis of a-C: H by infrared spectroscopy  
and mass selected thermal effusion, Journal of Applied Physics 84 (7) (1998) 3836-3847. 
[11] N.A. Morrison, S.E. Rodil, A.C. Ferrari, J. Robertson, W. I. Milne, High rate deposition of ta-C:H  
using an electron cyclotron wave resonance plasma source, Thin Solid Films 337 (1999) 71-73. 
[12] J.E. Field, The properties of Diamond, Academic Press, London, 1979. 
[13] B.T. Kelly, Physics of Graphite, Applied Science Publishers, London, 1981. 
[14] D.R. McKenzie, Tetrahedral bonding in amorphous carbon, Reports on Progress in Physics 59 (12)  
 (1996) 1611-1664. 
[15] P.J. Fallon, V.S. Veerasamy, C.A. Davis, J. Robertson, G.A. Amaratunga, W.I. Milne, J. Koskinen,  
Properties of filtered-ion-beam-deposited diamondlike carbon as a function of ion energy, Physical  
Review B 48 (7) (1993) 4777-4782. 
[16] G.M. Pharr, D.L. Callahan, S.D. McAdams, T.Y. Tsui, S. Anders, A. Anders, J.W. Ager, I.G. Brown,  
 C.S. Bhatia, S.R.P. Silva, J. Robertson, Hardness, elastic modulus, and structure of very hard carbon  
 films produced by cathodic-arc deposition with substrate pulse biasing, Applied Physics Letters 68  
 (6) (1996) 779-781. 
[17] M. Weiler, S. Sattel, K. Jung, H. Ehrhardt, V.S. Veerasamy, J. Robertson, High tetrahedral, diamond-like  
 amorphous hydrogenated carbon prepared from a plasma beam source, Applied Physic Letters 64  
 (21) (1994) 2797-2799. 
[18] M.F. Ashby, D.R.H. Jones, Engineering Materials: An introduction to their properties and applications,  
 Pergamon Press, Oxford, England (1980). 
[19] A. Grill, V. Patel, Diamondlike carbon deposited by DC PACVD, Diamond Films and Technology 1  
 (1992) 219-233. 
[20] L.A. Thomson, F.C. Law, N. Rushton, J. Franks, Biocompatibility of diamond-like carbon coating,  
Biomaterials 12 (1) (1991) 37-40. 
[21] M. Allen, F. Law, N. Rushton, The effects of diamond-like carbon coatings on macrophages, fibroblasts  
and osteoblast-like cells in vitro, Clinical Materials 17 (1994) 1-10. 
[22] I. Dion, X. Roques, C. Baquey, E. Baudet, B.B. Cathalinat, N. More, Hemocompatibility of diamond-like  
carbon coating, Biomedical Materials and Engineering 3 (1) (1993) 51-55.  
2. DLC coatings background 
15 
 
2.2 Applications of DLC coatings  
As described in chapter 2.1, there is such a wide variety of different DLC coatings due to 
different structures so that they can have the different physical and chemical properties, which 
implies that DLC coatings are nowadays being used in various fields of industry. Firstly DLC 
coatings for the medical application will be discussed, because DLC coatings deposited in this 
work are mainly applied in the artificial hip joints of the biomedical field. Then the use in other 
fields will follow, for example, automotive, aerospace, electromagnetics, as well as optics and 
acoustics. 
2.2.1 Biomedical applications 
Diamond-like carbon (DLC), known as amorphous carbon, is a class of materials with 
excellent mechanical, tribological and biological properties, which makes them particularly 
attractive for biomedical applications, as shown in Fig. 2.4.  
 
Figure 2.4 DLC coated products (a) Stent [1] (b) Left ventricular assist device heart pump [2] (c) artificial joint 
[2] (d) Ankle joint [3] (e) Hip Joint [4] 
(1) Bio- and haemo-compatibility 
As is known, when one material is implanted into the human body, it has to be 
(a) Copyright © 2013 by Japan Stent Technology Europe GmbH. All rights reserved. 
(b)(c) Copyright © 2013 by Nelson Publishing, Inc. All rights reserved.  
Picture from Morphopedics       (e)      
(b) (a) 
(c) (d) 
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biocompatible. So the implant of DLC coating used in biomedical applications has to withstand 
the corrosive environment and not cause any adverse effects on attached cells. That means, DLC 
coating must be biocompatible, which has been confirmed in vitro and in vivo in many papers 
[5-11]. Additionally, the biocompatibility of DLC can be improved from the viewpoint of its 
atomic structure (by varying the sp
2
/sp
3
 ratio of carbon) and composition (by introduction of 
hetero-atoms such as Si, F, Ca and P to DLC) [12-15], as well as introducing both anodic and 
cathodic functional group to a DLC surface [16-18]. The haemo-compatible nature of DLC 
coating, not only its biocompatible property, is also reported in ref. [19-21], which makes DLC 
coatings available to be used for implants in direct contact with blood, for example artificial 
heart valves, blood pumps and stents. What’s more, due to DLC’s outstanding tribological 
properties, it is also widely used to reduce wear in the load bearing joints instead of the 
ultra-high molecular weight polyethylene (UHMWPE). 
(2) Blood contacting applications 
If one implant is in contact with blood directly, a key issue is to prevent thrombus formation 
which depends on the surface of the implant [3]. Due to the good haemo-compatibility and 
excellent tribological behavior of DLC coatings, several papers report in vitro that it may be a 
better coating for cardiovascular purposes because of the ability to suppress thrombus [7, 20]. In 
order to adjust the surface chemical behavior of DLC, the different elements are introduced into 
the DLC coatings, e.g. Si-DLC [21], Ti-DLC [19] and Cr-DLC [22]. These elements must also 
be biocompatible. Only few papers in vivo present the results of DLC-coated implants: stainless 
steel stents [23-24], blood pumps (made by Sun Medical Technology Research Corporation, 
Nagano, Japan) [25]. In addition, a few companies have produced some DLC-coated implants 
and make them available commercially, e.g. the Cardio Carbon Company, the Sorin Biomedica 
company and the company PHYTLS. Up to now, the blood-contacted applications are still in the 
state of development. 
(3) Load bearing joints 
DLC coating because of its low wear and low friction coefficient is used in load bearing 
joints. There are many reports about using DLC-coated femoral heads against UHMWPE 
implanted cups [26-35]. Metal-metal joints with one or both sides coated with DLC are also 
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studied in the laboratory [28, 36-37]. 
In the wear of DLC coated joint balls sliding against UHMWPE using pin-on-disk setup, 
the liquid lubricant used in tribological test has a crucial effect on the friction and wear values. 
With distilled water as a lubricant [26, 30-31], the wear of UHMWPE can be reduced by a factor 
of five or six, even by a factor of 10-100 in 1 wt. % NaCl water [27-29]. That’s because the DLC 
is able to form a transfer layer on the softer counterpart when sliding in distilled water to protect 
it from wear [27]. By contrast, when the simulated body fluid or diluted calf serum is used in 
tribological test, there is no significant difference in the wear of the UHMWPE between the 
coated and the uncoated samples [32-35]. The different proteins like biomolecules (especially 
phospholipids, glycoproteins, albumin and hyaluronic acid), which are adsorbed on the surface 
of articulation, strongly influence the tribological behavior in the joints [38-39]. There is no 
transfer layer formed on the UHMWPE when sliding against DLC in biological media so that the 
UHMWPE wear could not be lowered [40]. Moreover, the lubricant is also playing a key role in 
the type of wear particles produced [38-39, 41]. 
However, according to ref. [24, 36] in metal/metal hip joints with both sides DLC coatings, 
very low wear rates below 10
-4
 mm
3
/ year and 10
-3
 to 10
-4 
mm
3
/year (corresponding to a factor of 
about 10,000) can be obtained when it is tested with a hip joint simulator using bovine serum and 
NaCl(aq) as a lubricant, respectively. Furthermore, a 2-µm-thick DLC (a-C:H)-coated steel ball 
sliding against a flat steel plate is tested by Shi et al. with bovine serum as lubricant and the wear 
rate is reduced by a factor of about 100 [37]. The results indicate that when DLC is articulating 
against DLC, a transfer layer may not be a main requirement for low wear [41]. At present, there 
is no in vivo experiment on DLC coated load bearing implants found in the literature. Comparing 
with other coatings, DLC because of its outstanding properties is a promising candidate in 
biomedical applications. Therefore much research work about DLC coatings is needed to do, 
especially some about DLC coated load bearing implants.  
2.2.2 Other applications 
Besides biomedical applications of DLC coatings as discussed above, DLC films are also 
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widely applied in other fields, for example cutting tools as protective coatings and composite 
additives, and thermal devices or optical devices and coatings, as well as electronic devices. 
(1) Mechanical applications 
Due to high hardness, low friction coefficient and good wear resistance, hard coatings, 
especially diamond-like carbon are widely applied in different mechanical applications reported 
in many literatures [42-43]. For example there are cutting tools as a protective coating [44-47], 
and automotive industry [48-49], bearings [50-51], gears [52-53], piston-rings and pins [54-55] 
and other components [56-57], as shown in Fig. 2.5 [58]. 
 
Figure 2.5 DLC coated products (a) End mill (b) Step drill (c) Engine piston (d) Gears (e) Engine tappets [58] 
(2) Electromagnetic applications 
 
Figure 2.6 Hard disk architecture [59] 
Copyright © 2013 Richter Precision Inc. All Rights Reserved. 
(c) (e) 
(b) 
(d) 
(a) 
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DLC coating is used as the protective layer in magnetic hard-disk drives due to its extremely 
smooth, continuous and chemically inert properties [59]. As is well known, the read/write head 
consists of many layers of thin films. Data are stored in a magnetic layer of Co-Cr-Pt alloy thin 
film [60-61]. A protective layer of DLC coating is applied over the Co layer, as shown in Fig. 2.6. 
One protective layer with ultra-smooth surface is required for smaller magnetic spacing as the 
storage density is increasing at a very rapid rate [46-47, 62]. Meanwhile, DLC coatings are also 
very attractive for field emission or doping applications [63-64]. 
(3) Optical applications 
 
Figure 2.7 DLC coated IRST Dome [68] 
Due to their IR transparency, DLC films can also be utilized in optical applications, such as the 
optical storage media as protective layers like in magnetic storage, and IR optics at a wavelength 
of 8-13 µm made of Ge, ZnS, ZnSe [65-67]. DLC coated IRST Dome shows significant pitting 
(Fig. 2.7) [68]. In addition, DLCs are applied not only as protective optical coatings, but also as 
fabrication of optical components because DLCs are easily patterned by etching in oxygen 
plasmas [65]. 
(4) Acoustical applications 
High ratio of elastic modulus to mass density of DLC coating has also attracted much attention 
for the acoustical applications [69] using high acoustic wave velocity, e.g. speaker diaphragm and 
surface acoustic wave devices, as shown in Fig. 2.8. The DLC film with much superior elasticity 
and high surface propagating velocity can improve the characteristics of the conventional surface 
acoustic wave (SAW) [70].  
Copyright © 2013 Diarkis LLC. 
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Figure 2.8 Coaxial speaker (DLC-coated titanium centre cap) [71] 
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2.3 Deposition techniques of DLC coatings  
As described above, DLC coatings’ applications in various fields rely on the coatings’ 
properties, especially the biological reactions in biomedical applications. Although DLC as a class 
of materials has excellent mechanical, tribological and biological properties, it has to be noticed 
that control of film properties is strongly dependent on the chosen deposition system. With 
different deposition conditions, different properties including the chemical situation of the 
surface may be obtained. Therefore, any results about DLC should be correlated with an exact 
description of the deposition conditions, including materials and deposition process (the sample’s 
pretreatment, deposition setup, deposition parameters and a detailed characterization of the 
coating).  
Many methods have been developed for the deposition of DLC coatings in biomedical 
applications. 
2.3.1 Physical vapor deposition of DLC coatings 
The physical vapor deposition (PVD) is widely employed to deposit wear-resistant thin-film 
coatings on different kinds of medical devices. By using PVD technology to deposit DLC, the 
coating material (carbon) is evaporated on the medical devices. In addition the underlying 
material properties, as well as biomechanical functionality are not varied, and just the surface 
properties of devices are modified. The main techniques available to evaporate carbon are: arc 
sources, electron beam guns as well as sputter sources. 
 Vacuum arc deposition 
One of the methods is vacuum arc deposition [1]. Firstly two cold electrodes are connected to 
the power supply with a low voltage (less than 100 V) and high current (more than 1 A) [2]. The 
chamber is pumped and reaches to a high vacuum which means residual gas in the chamber 
becomes rare. Then an arc is initiated by making two electrodes contacted and separated from each 
other. The electrodes are heated and become hot due to high contact resistance and high current at 
the contact point. At the moment of withdrawing the electrodes, the resistance and current are 
raised rapidly which leads to the fast increase of heat temperature, causing the electrode material is 
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evaporated. During this explosive emission process, the spot on the solid material target is formed. 
Meanwhile, very high electric field strength is formed at the small gap between cathode and anode 
resulting in strong field emission and gap breakdown, which is followed by the formation of 
vacuum arc. 
As known, there are two types of the arc discharge: cathodic arc and anodic arc which 
depends on the source of the deposited material. 
(1) Cathodic arc evaporation (CAE) 
 
Figure 2.9 Schematic of cathodic vacuum arc [1] 
If the vaporized material is originated from the cathode, this arc discharge is called cathodic 
arc which is a discrete continuous arc, and this deposition method is named by cathodic arc 
evaporation (CAE) which has been widely used in laboratory and industry [3-6]. When DLC 
coating is synthesized by CAE, carbon is vaporized from a graphite target as cathode by touching 
and separating it from anodic electrode. Usually the simplest anodic electrode is a small carbon 
striker and an arc forms on the cathode. The plasma with a high ion density of up to 10
13 
cm
-3
 is 
directly produced from localized small surface area of the solid material target which is called 
cathode spot (1-10 µm and high current density of 10
6
-10
8
 A cm
-2
). The cathode spot exists in a 
short period of time, then self-extinguishes and reignites in a new area, which cause the motion of 
arc on the surface of a cold cathode and sustain the discharge. What’s more, the macro particles 
(so-called droplets) are also deposited on the substrate because the explosive emission process 
happens so quickly that not all the target material has time to evaporate. This method is also widely 
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applied to deposit metals such as titanium in a nitrogen atmosphere reported in references [7-10]. 
If there is no gaseous atmosphere, the working gas is replaced by the vapor released from the 
cathode by action of the cathode spots. In evaporation process the substances from cathode surface 
are in form of Me
+
 (ions), Me (atoms), electrons (e
-
) and macro particles. 
In this method the cathode spot emits not only the desired plasma particles but also macro 
particles of cathode materials that degrade coating performance and over all coating quality. To 
overcome this problem of macro particles, the use of techniques which can block macro particles 
or reduce the number of macro particles is required. Nowadays, many approaches to resolve this 
problem are reported, including use of different chamber configurations. The filtered cathodic 
vacuum arc (FCVA) process is developed to reject macro particles [11-17]. The filter has a 
focusing magnetic field and a steering field that separates the particles by mass, thus “filtering” 
them. The most common filtering designs include the linear duct filter [18], the 90º filter [19] and 
45º filter [20], the 1/4 torus filter [8], the S-filter [21] and twist filter [22]. 
 
                 
 
Figure 2.10 Schematic diagram of a various filters: (a) 90º filter (b) 45º filter (c) S-filter [23] 
(a) (b) 
(c) 
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However, the drawback for these plasma filtering designs is the industrial disadvantage of 
increasing the technological complexity of the coating systems and hence the cost of the coated 
products [24]. These methods reduce the deposition rate as well. Above all, at low current, the 
cathodic mechanism of evaporating materials is not effective enough to overcome the rapid 
condensation on the surrounding walls [25]. Therefore, this type of arc is unstable and normally 
extinguishes in fractions of seconds [26]. That makes the evaporation of anode material interesting. 
The nature of the anode spot is different and characterized by lower temperatures. 
(2) Anodic arc evaporation deposition 
If the evaporated material is originated from the anode, this arc discharge can be called anodic 
arc. The mechanisms of anode evaporation have been studied by [25, 27-30]. The anodic arc is a 
high current discharge that is sustained at least in part by material evaporating from a hot anode. 
The advantage of this type of arc is the absence of macro particles which are produced by the 
discrete arc [31]. Fig. 2.11 shows the schematic of anodic vacuum arc system. 
 
Figure 2.11 Schematic diagram of anodic vacuum arc deposition setup [32] 
(3) Transition between the cathodic arc and anodic arc 
In vacuum the contact material transfer occurs during arcing. It is well known that sometimes 
this transfer cause the formation of a crater on the anode and a pip on the cathode [33]. There are 
two kinds of transfer: from the anode to the cathode and from the cathode to the anode, which is 
attributed to the anodic arc and the cathodic arc, respectively [34-35]. According to the reports 
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[36-40], the transition between the cathodic and anodic arc is associated with the metallic and 
gaseous phases of the arc. A transfer of material from the anode to the cathode is associated with 
the metallic phase, while the inverse transfer from the cathode to the anode was associated with the 
gaseous phase of the arc. However, N.B. Jemaa [33] performed testing under vacuum and 
concluded that it was independent of metallic and gaseous phases although the arc in vacuum was 
constantly in the metallic phase. The further work is needed for full confirmation. At present, few 
studies about the transition from the anodic arc to the cathodic arc have been done by measuring 
the evolution of material transfer with the arc lengthening, and show that the transition is 
independent of electrical and mechanical parameters [35, 41-42]. 
However, the transition from the cathodic to anodic arc in the deposition of DLC coatings has 
not been studied until now. In this work, DLC coatings are deposited by vacuum arc adjustable 
from anodic to cathodic operation mode. The transition between the cathodic and anodic arc can be 
realized by varying the anode-cathode diameter ratio of da/dc with 1/3, 1/1 and 3/1. 
 Others physical vapor deposition 
DLC coatings can be also deposited by argon sputter deposition [43-44], direct or 
mass-selected ion beam deposition [45-47], as well as plasma beam deposition [48]. 
2.3.2 CVD and other deposition techniques of DLC coatings 
Another deposition method for DLC coatings is chemical vapor deposition (CVD), involving 
the chemical reaction. Usually the hydrocarbon gases used for providing carbon ions (C
+
) in 
experiments are methane, ethane, acetylene and ethylene. In particular the plasma-enhanced CVD 
(PECVD) is popularly used in laboratory, in which the plasma is usually generated by radio 
frequency (RF) between two electrodes, e.g. electron-cyclotron wave resonance plasma chemical 
vapor deposition (ECWR plasma CVD) [49], radio-frequency CVD [50], plasma CVD combined 
with ion implantation [51]. 
Besides PVD and CVD, liquid electrochemical technique is also applied to deposit DLC 
coatings reported in literatures [52-54]. 
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3. Hip joint replacement background 
Nowadays, due to overaging of the population and increasing the average weight of people, 
even increasing number of accident injuries especially for young people, more and more load 
bearing joint replacements particularly hip joint replacements are required, what’s worse, about 
10% of the patients require second replacements. In addition, disease like arthritis can also 
require the replacement of joints due to worn cartilage. The normal hip displays the healthy 
articular cartilage and the diseased hip joint shows the damaged cartilage (see Fig. 3.1). 
 
Figure 3.1 The normal hip joint and arthritic hip joint [1] 
3.1 Introduction of normal hip joint and artificial hip joint 
3.1.1 Composition of hip joint 
In human body, the normal hip joint mainly consists of femur, femoral head (ball), the 
cup-shaped acetabulum (cup) in the pelvis (see Fig. 3.2 left) [2], corresponding right in Fig. 3.2 
is the structure of the artificial hip joint [3]. Ligaments as bands of tissue connect the femur to 
the acetabulum and help to keep them steady. Articular cartilage, the smooth and tough substance, 
covers the surfaces of the femoral head (ball) and the acetabulum (cup). Additionally, the 
cartilage cushions the bones like a shock absorber which allows smooth movement, so that the 
bones can move easily. The rest of surfaces of hip joint are covered by the synovial membrane 
which is a thin and smooth tissue liner. The synovial membrane produces a small amount of the 
synovial fluid that acts as a lubricant to reduce friction between bones each other. The capsule 
surrounds the joint and keeps the synovial fluid from leaking out [2]. 
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Figure 3.2 Schematic of a normal hip joint (left [2]), corresponding artificial hip joint (right [3]) 
The artifical hip joint consists of acetabular cup made of UHMWPE, steel, ceramic, or 
polyethylene inner, femoral head made of steel or ceramic, as well as femoral stem. UHMWPE 
acetabular cup is sometimes not covered with a metal shell. In joint prosthesis, polymers are used 
for one of the articulating surface components. Therefore, these polymers must have a low 
friction coefficient and low wear rate when they are in contact with the opposing surface, which 
is usually made of metal (e.g. cobalt-chromium alloys CoCrMo [4] or titanium alloys) or 
ceramics such as alumina (Al2O3) and zirconia. These alloys are based on titanium, iron (surgical 
steel), cobalt, chromium, nickel (may cause allergies), zirconium, tantalum, the noble metals and 
carbon in its different forms [5]. 
3.1.2 Wear particles 
Currently the life expectancy of such joints is about fifteen years [6], so it is urgent to 
extend the lifetime of the implants, in particular, for the patients aged < 50 years. However, it has 
been confirmed that the wear particle is the main factor for limiting the lifetime of the implants. 
During the motion of joint, the wear particles are generated and shed into the surrounding 
synovial fluid and tissues, which initiate a macrophage-mediated inflammatory response, leading 
to osteoclast cells activation. The biological interaction with particles occurs. The body’s 
immune system attempts to digest the wear particles as it would be a bacterium or virus, 
meanwhile enzymes are released that result in osteolysis. Over time, sufficient bone is resorbed 
around the implant to cause aseptic implant loosening [7-9]. 
 36 
If the particles are toxic, they will cause a series of morphological changes in macrophages, 
including retraction of pseudopodia, blebbing and smoothing of the surface, and finally cell 
destruction [10]. 
In ref. [11] it is concluded that if there are enough particles, macrophages phagocytosing 
foreign particles become activated and release mediators (soluble factors) that stimulate bone  
resorption even though there is no toxic effect, then the implant will loosen as its bony support 
will be lost, which indicate the importance of the amount of particles in implant loosening. 
Several studies have demonstrated that the composition and the volume of particles have the 
effect on the macrophage response to particles [12-16]. Meanwhile, few researchers propose that 
the size of particles is also one of the critical factors associated with aseptic loosening [15, 17], 
and demonstrate that submicron particles play a major role in wear particle-induced osteolysis 
[13]. Moreover, the large number of these particles, their size as well as their ability to adsorb 
endotoxins [18] can induce inflammatory reactions resulting in bone resorption. The onset of 
osteolysis is closely linked to both the volume and size of the wear debris produced [4]. The 
volume of debris generated is inversely proportional to the hardness of the materials, hence 
hard-on-hard bearings have also been investigated [19]. 
In ref. [20], it is the first time to present that particle size is able to affect the differentiation 
of macrophages into osteoclasts. The results show that the particles in the size range of 1 µm ~ 
10 µm enhance the process of macrophage-osteoclast differentiation. According to ref. [21-23], it 
is known that phagocytosis can occur with particles in the size range of 0.5 µm ~12 µm. There 
are two different mechanisms to internalize foreign bodies: one is phagocytosis and another is 
pinocytosis. In contrast to phagocytosis, the particles with the size of 0.1 µm are thought to be 
taken in by macrophages via pinocytosis, which is less active than phagocytosis [20]. Therefore, 
the particle size is also a very important factor for artificial hip joint loosening. 
Research has shown that contact conditions and material parameters significantly influence 
the size and shape of the UHMWPE wear particles. 
To date, different materials for joints are implanted with the different advantages and 
disadvantages. The forms of prosthetic hip replacements are mainly metal-on-UHMWPE, 
ceramic-on-UHMWPE, ceramic-on-ceramic or metal-on-metal.  
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3.2 Classification of artificial hip joint 
3.2.1 Metal femoral heads articulating against UHMWPE cups 
Traditional metal femoral heads articulating against ultra-high molecular weight 
polyethylene (UHMWPE) acetabular cup are widely employed in prosthetic hip replacements 
and most of them are successful clinically, as shown in Fig. 2.4 (e) and Fig. 3.3 [24-25]. 
However, about 10
10
-10
11
 polyethylene wear particles with the size range of 0.1 µm ~ 10 µm are 
generated, which weaken surrounding bone causing bone resorption, leading to the loosening of 
the prosthesis and ultimate failure [26-28]. In addition, the average wear rate of the polymer cup 
is in the range of 20-60 mm
3
/year for metal-on-UHMWPE hip joint.   
 
Figure 3.3 Metal-on-UHMWPE hip joint [25] 
According to the ref. [29], cobalt-base alloys are the most commonly used metals for 
current metal-on-UHMWPE implants. The oxide surface layer on titanium alloy (Ti-6Al-4V) 
femoral heads result in high UHMWPE wear due to breakdown of titanium surface. 
3.2.2 Ceramic femoral heads articulating against UHMWPE cups 
Ceramic materials due to excellent biocompatibility and low friction coefficient have been 
used instead of a metallic femoral head for artificial joints [30]. Comparing to the traditional 
metal and polyethylene materials, the average wear rate of the UHMWPE can be decreased by 
50 % when a ceramic femoral head articulates against UHMWPE [31]. Although ceramic 
© 2013, BoneSmart. All Rights Reserved. 
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materials generate significantly less polyethylene debris when used in conjunction with 
polyethylene acetabular components in bearing couples, there is still a large number of particles. 
Additionally, the stress shielding due to the high elastic modulus of ceramic materials may be 
responsible for cancellous bone atrophy and loosening of the acetabular cup in older patients 
with senile osteoporosis or rheumatoid arthritis [32]. 
 
Figure 3.4 Ceramic-on-UHMWPE hip joint [25] 
3.2.3 Metal femoral heads articulating against metal cups 
As is well known, the wear particles produced during the motion of joint have been 
identified as the main factor limiting the lifetime of the implants, so the number of wear particles 
have attracted much researchers attention. As described above the volume of debris is inversely 
proportional to the materials hardness, thus hard-on-hard bearings have also been investigated 
[19]. 
By comparing with UHMWPE, metal-on-metal hip joints have a lower rate in the range of 
1-5 mm
3
/year and the wear debris particles are decreased, smaller than those of UHMWPE in 
metal-on-UHMWPE and ceramic-on-UHMWPE implants (see Fig. 3.5) [28-29, 33]. The 
amounts of particles are about 10
9
 (micrometer-size). The ball and cup are made of Co-Cr-Mo 
which is only in clinical use in Europe [29]. 
However, it is observed that the blood levels of metal ion releasing from the metal joint are 
increased, which may negatively influence the haemocompatibility of the surface and cause a 
delayed-type metal hypersensitivity [5, 34]. Additionally, the number of allergies is increasing at 
© 2013, BoneSmart. All Rights Reserved. 
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a rate of about 10 % each year [34] and many people have allergies to implant metals or metallic 
particles. According to the report in ref. [35], patients with total hip replacements by implants of 
stainless steel or of Co-Cr alloys who experienced difficulties after two to fifteen years due to a 
loosening of the prosthesis and / or allergic reactions to Cr, Co or Ni were found to have an 
increased content of these elements in their urine, plasma and blood. Already fifteen months after 
removal the contents were excessive in these fluids. Moreover, a few elements (Cr, Co, Ni and V) 
have toxic effects. Ti and its alloys, Nb and Ta exhibit an inert behavior, nevertheless the steel 
316L and the Co-Cr alloy are encapsulated by a tissue membrane and their behavior is not inert 
[36]. 
 
Figure 3.5 Metal-on-Metal hip joint [25] 
3.2.4 Ceramic femoral heads articulating against ceramic cups 
Ceramic-on-ceramic hip joints, where an alumina femoral head is combined with an 
alumina acetabular cup, show very low wear in the range of 0.05 mm
3
/ year [31] and reduce 
wear rate of just 0.032 mm
3
 per million cycles. In addition, the use of ceramic-on-ceramic hip 
joint not only resolves the problems caused by wear debris, but also alleviates any concerns 
about metal ion release into the body, compared to other hip joint systems discussed above. 
Although ceramic-on-ceramic hip joint has these advantages, it is not in clinical use in the 
United States [29], because they may crack and release millions of hard particles which cannot 
all be removed surgically [34]. Actually, the best choice for ceramic hip joints is the type of 
© 2013, BoneSmart. All Rights Reserved. 
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ceramic-on-ceramic, because ceramic particles are so hard that they can make metals or 
UHMWPE wear out quickly if they migrate onto the articulating surfaces. 
 
Figure 3.6 Ceramic-on-Ceramic hip joint [37] 
3.2.5 DLC coated artificial hip joint 
In ref. [38], it was shown that polyethylene, cobalt-chromium or bone cement particles, 
introduced into implanted bone harvest chambers in rabbits, caused inflammatory reaction and 
reduced bone ingrowth. 
As described above, in order to overcome the problem of wear particle generation in 
artificial implants, a new low wear material is required. The importance of the surface finish is 
reported by Dowson [31] in a comparative study of the performance of metallic and ceramic 
femoral heads. So coating is applied to the hip joint replacement because the implant surface can 
be modified by deposition. The advantages of DLC coatings used as material for joint have been 
discussed above in Chapter 2. 
DLC coating, deposited on the metal substrate, can be used as a barrier to prevent leaching 
of metallic ions into the body. Additionally, the adhesion of DLC coating to substrate can be 
improved by interface layer, about which the details will be discussed in Chapter 4. Usually there 
are three different hip joints coated with DLC as reported by R. Hauert in ref. [34]: DLC-coated 
femoral heads against UHMWPE implanted cups, DLC-coated femoral heads against metal cups 
and DLC-coated femoral heads against metal DLC-coated cups. As described in biomedical 
© Copyright 2013 B. Braun Melsungen AG 
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applications of DLC coatings in Section 2.2.1, these DLC-coated hip joints are studied in 
laboratory and still in process. 
To date, the study of the amount of wear particles has attracted more and more researchers 
[11, 39-42]. However, reports about wear particle size distribution are rare to find, especially for 
DLC coatings in hip joints. In this work, the wear particle size distribution is studied in 
metal-on-metal joints with both sides coated with DLC. 
3.3 Adhesion and interface layers in biomedical materials 
As is well known, implantation of DLC coating into the human body also allows it to 
re-establish biological and mechanical functions, not just make it bio- and haemocompatible. 
Although the adhesion for a DLC-coated articulating joint is not the main point in this work, it is 
still a main concern which will influence the lifetime of DLC-coated implants. Due to poor 
adhesion, DLC coating delamination occurs under different conditions, which results in the failure 
of DLC-coated implants. Therefore the long-term adhesion has to be guaranteed to avoid 
premature replacements or revision of implants. 
In this chapter, the review related to the adhesion of DLC coating in hip joint replacement is 
discussed as follows, in which much works are done including how to improve the adhesion. 
Especially, the failure mechanisms, analysis of the failure as well as tribological behavior of 
DLC-coated joint replacements have been investigated recently using Rockwell indentation setup 
by R. Hauert and U. Müller et al. [43-47]. 
(1) Adhesion of DLC coating and substrate 
The adhesion of DLC to a range of prosthetic materials including 316 stainless steels [48-49], 
titanium [50] and Ti6A14V [51] which is controlled by the interface is still an issue. Mainly the 
adhesion failure at the interface has to be attributed to the chemical stability of the interface. As 
described in the literature [52], the approaches for improving the adhesion of DLC coatings 
include: ① forming an intermediate layer between the substrate and the DLC coating such as 
interfacial metal-carbides [3] ② forming the gradient composition coatings inclined from the base 
material through the DLC coatings [53] for example silicon [54], titanium [55], chromium [56] 
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which must be biocompatible and amorphous, as well as multilayers TiNx-TiCy [50, 57-59], and ③ 
using an ion-mixing process based on ion-implantation technology [52, 60]. Actually, the problem 
of poor adhesion can, to an appreciable extent, be overcome by penetration of carbon atoms from 
the DLC coating to a substrate, the reaction of the carbon atoms with the substrate metal atoms and 
the formation of carbide. The interface reaction layer may also consist of metal-oxy carbide which 
is dependent on the precleaning and the conditions at the beginning of the DLC deposition process 
[34]. 
(2) Failure mechanism of DLC coatings 
During 1993-1995, a series of DLC coated Ti-Al-V femoral heads articulating against PE 
were studied in clinic and it was found that the coated implants had only a 54 % survival rate due to 
the delamination of the coatings after 8.5 years, causing severe wear of the PE counterpart [61]. 
Additionally, most delamination spots were round (more than 90 %). Therefore, it is necessary to 
analyze the failure mechanism and to estimate the adhesion lifetime for DLC coated implants. It 
was shown that mechanical failure is mainly caused by third body wear involving wear particles in 
simulator testing [43]. Besides mechanical failure, other delayed interface crack growth 
mechanisms including hydrogen embrittlement, galvanic, pitting, and crevice corrosion (CC) as 
well as stress corrosion cracking (SCC), also have to be considered, in which SCC and CC are 
related to the coating delamination since they are dependent on the stress and environment 
[43,45,62]. In these references it was shown that one failure of DLC-CoCrMo tested in synovial 
testing fluid took place due to CC of the adhesion promoting interlayer or SCC which may occur in 
a few nanometer thin reactively formed interface layer such as carbides. 
(3) Si interface layer 
As is known, the different properties of different interface layers are obtained with different 
deposition conditions. These interface layers are very important for good adhesion, including not 
only the formation of interfacial carbides [45], also other additional materials introduced into the 
DLC coatings whose structures must be considered as amorphous rather than crystalline. 
According to ref. [34], it should be possible to tailor the biological reactions to any desired point 
between the properties of DLC and those of the added element. Moreover, it is reported that the 
biocompatibility can be improved by the addition of Si by some companies (Sulzer CarboMedics 
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and St. Jude Medical) in ref. [34]. Therefore, the cause of delamination of DLC/Si-DLC/CoCrMo 
was studied by C.V. Falub et al. [63] and was disclosed to be SCC of the interface material the 
same as DLC/CoCrMo. Furthermore, the threshold strain energy release rates for Si-DLC 
interlayer was improved by the factor of about 8 times compared to it for DLC coating without 
interlayer, which indicated that the interface layer can improve the adhesion of DLC coating to 
substrate. 
However, the influence of testing environment on CC has been demonstrated by R. Hauert in 
2012 [46]. It was found that the Si-rich interlayer appears to dissolve in Hyclone wear testing fluid, 
in contrast, no or only a few delamination was observed in phosphate-buffered saline (PBS), which 
indicates that the presence of proteins provide crevice corrosion conditions so that Si-based 
materials in contact with body fluid imposes a high risk of failure. Thus, the protective silicon 
oxide surface layer is not corrosion resistant in vivo. 
(4) Ti interface layer 
Ti and its alloys, Nb and Ta, which have a high polarization resistance, exhibit an inert 
behavior. The steel 316L and the CoCr alloy, which have a polarization resistance similar to that of 
titanium, are encapsulated by a tissue membrane and their behavior is not inert [36]. 
The biocompatibility on DLC-coated Ti samples was confirmed by Mohanty et al [64]. It was 
found that samples could stay in the skeletal muscle of rabbits for up to 1 year. Additionally, L. Lu 
reported that DLC adhered strongly to titanium and cobalt chrome as well as to polymers [59]. 
DLC coating with different concentrations of titanium have also been researched in vitro and 
found that the obtained surface was not only biocompatible, but also hard which can prevent the 
abrasion and scratching, enhancing bone ingrowth. According to ref. [34], the adsorbed proteins 
will subsequently have an effect on the cell attachment, cell proliferation and cell differentiation 
and even the tribological behavior probably. However the adsorption of different proteins in 
Ti-DLC coating, when Ti is exposed to a biological environment, can be controlled by the content 
of Ti [65]. Furthermore, the addition of Ti into the DLC can prevent the differentiation of bone 
marrow cells into bone resorbing cells, i.e. osteoclasts [66-67]. 
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Due to the advantages of Ti introduced into DLC coating, titanium interface layer (~ 50 nm) 
is widely used in many industrial processes, including chromium interface layer or even 
multilayers. As is well known, the chemistry at an interface can be influenced and improved by the 
deposition of interface layers [34]. 
In previous work [56], chromium and titanium interface layers were deposited by cathodic 
arc vacuum on P2000 with the same deposition parameters. It was found that chromium adhered 
better on the austenite stainless steel P2000 than titanium, but DLC adhered better on titanium. 
However in this work, the focus lies on the wear particle size distribution of DLC coatings, not 
adhesion of it. In this work, Ti is used as interface layer and deposited by cathodic arc vacuum. 
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4. Experimental methods for characterization of DLC 
coatings 
4.1 Morphology and structure of DLC coatings 
4.1.1 Coating thickness and roughness 
The coating thickness was measured in this work by Dektak 6M stylus profiler [1] which is a 
semi-manual instrument as one contacting gauge. The Dektak 6M provides profile data of a 
sample by detecting the vertical dropping of a stylus which is moved horizontally across the step 
on the sample surface.  
In this work, the thickness of DLC coating deposited on Si wafer, where the step was made by 
a marker, was used to represent it deposited on P2000 with interface layer due to the same 
deposition parameters. By means of thickness and weight, the density of DLC coating could be 
obtained. As is well known, DLC coating possesses the broad range of density 1.2 g/cm
3 
~ 3.1 
g/cm
3 
depending on the content of sp
3
 [2-6]. Moreover, the DLC coating deposition rate is given 
by the thickness over deposition time. 
The Mitutoyo SJ-301 [7] with cut-off wavelength of 2.5 mm was used to observe the surface 
roughness of the film characterized by the arithmetic average roughness Ra. The value of Ra is the 
average roughness after testing at three different positions of each sample. Prior to the 
measurement, the samples needed to be cleaned in the ethanol solution for 10 min then dried with 
N2. 
4.1.2 Scanning electron microscopy (SEM) 
Scanning electron microscopy (SEM) can be utilized for high magnification imaging of 
almost all materials. The surface morphology of the coatings could be observed by SEM. SEM 
consists of three main components: the vacuum system, the electron beam system and the imaging 
system [8]. Fig. 4.1 shows the schematic diagram of scanning electron microscope. 
The principle of SEM is based on the interaction between the electron and substance. The 
primary electrons emitted from an electron gun pass through a combination of condenser lenses to 
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produce a fine electron beam with extremely narrow energy spread. The electron beam hits the 
surface of specimen and interacts with it, which will produce a number of signals including 
secondary electrons (SE), Auger electrons, back-scattered electrons (BSE), characteristic X-rays, 
continuum X-rays, elastically scattered electrons and transmission electrons as shown in Fig. 4.2 
[9]. Actually the electron beam interacts not only with the surface atoms of specimen, but also with 
them in a certain thickness of specimen, which is called “interaction volume”. The thickness of 
interaction volume is different for the different signals. For SE due to their low energy (≤ 50 eV) 
they are within a few nanometers from the specimen surface [10]. However for X-rays they are 
originated from few micrometers. 
 
Figure 4.1 Schematic diagram of scanning electron microscope (SEM) 
 
Figure 4.2 Interaction between electron beam and surface layer of the specimen 
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These signals from interaction can provide diverse physical and chemical information about 
the specimen itself, for example the morphology, components and structure, and so on. Which 
information can be obtained is dependent on the detection mode. Different detectors are necessary 
for different signals. The SE signal is collected by secondary electron detectors which contribute to 
the formation of SEM images. 
The SEM (Zeiss DSM 960) used in resent work has an acceleration voltage (in the range) of 
0.5 kV to 30 kV and the resolution is 5 nm at 30 kV (tungsten cathode). The magnification ranges 
from 15× to 200 000× at a working distance of 7 mm, nevertheless the real value was 50000× at 
small contrast and the 23 mm working distance. 
Here SEM was carried out in the observation of the morphologies of worn surface and wear 
particles (or wear debris) after tribological testing. It was also possible to find out the wear 
mechanism for DLC sliding against DLC in the disc-on-disc wear test setup by analyzing SEM 
images of worn surface and wear debris. Furthermore, the particle size and shape could be 
observed directly by SEM images of wear particles, especially the agglomeration of particles. 
For the observation of worn surface of DLC coating deposited on P2000, the sample was just 
mounted on the specimen holder then placed in the chamber directly, whereas, the wear particles 
could not be used directly in SEM. As is well known, the specimen should be conductive and 
completely dry for the standard SEM equipment. Therefore, the wear particles collected in 
suspension in deionized water after tribological test were filtered with a membrane of 0.2 µm pore 
size and dried first. The dry particles were mounted on the holder using the conductive 
double-sided adhesive tape, and then sputtered with gold. Finally, they were located into the 
chamber.  
4.1.3 Energy dispersive X-ray spectroscopy (EDX) 
Usually energy dispersive X-ray spectroscopy (EDX) is used for the elemental analysis or 
chemical characterization of a sample in combination with SEM. Characteristic X-rays generated 
in a region about 2 µm in depth (SEM) are emitted by interaction between the electron beam and 
the specimen surface and detected by the X-ray detector and give information about the elemental 
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composition of the material. The data are acquired in the form of spectra which display the X-ray 
intensity (I) or number of X-rays as a function of the X-ray energy (E). The intensity of a peak in 
EDX spectrum is proportional to the content of the corresponding element in the sample. Each 
element has a unique atomic structure allowing unique set of peaks on its X-ray spectrum [11]. 
Elements of low atomic number are difficult to detect by EDX. The detection of elements below an 
atomic number of 11 (Na) was prevented, which resulted from the absorption of the soft X-rays by 
the Be-window. 
Here EDX (Link Analytical Pentafet, Model: 5778) with the Lithium drifted Silicon (SiLi) 
detector (area of 10 mm^2) was carried out in conjunction with SEM, and a Beryllium window 
was used to protect the SiLi detector in the EDX system. The SiLi detector must be operated at 
liquid nitrogen temperature and the bias of -500 V. The resolution is 143 eV. 
In order to determine whether the interface layer was destroyed or not during the tribological 
testing, the elements of worn area were analyzed combined with SEM images. In this work, the 
deposited coating was DLC, so carbon of low atomic number was difficult to detect by EDX. 
However elements from interface layer (Ti) and P2000 substrate were viewed by the EDX 
spectrum. 
4.1.4 Raman spectroscopy 
Raman spectroscopy is a scattering spectroscopy used to analyze the molecular structure of a 
sample by observing the vibrational and rotational mode. Especially as a fast and nondestructive 
tool it is also widely used in the characterization of crystalline, nanocrystalline, and amorphous 
carbon. Much information about samples from Raman spectroscopy can be obtained, for example 
compositions of material determined by Raman frequencies, stress or strain state correlated to 
change in frequency of Raman peak, quality of crystal depended on width of Raman peak, and 
amount of material (thickness of transparent coating) influenced by the intensity of Raman peak 
[12-13]. 
When light irradiates a transparent sample and interacts with it, most of light pass through the 
sample, while a small part can also be scattered in each direction. The scattered light is divided into 
Rayleigh scattering (elastic scattering) and Raman scattering (inelastic scattering), for which the 
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vibrational energy level is shown in Fig. 4.3 [14]. In Rayleigh scattering there is no energy 
exchange but the direction can be changed due to the elastic scattering. That means, the photon is 
absorbed to a higher virtual level and is instantly scattered elastically back to the initial level. 
However for Raman scattering not only the direction is changed, when the inelastic collision takes 
place between the photons and molecular of sample, but also the energy is exchanged. In addition, 
there are two types of Raman scattering: Stokes scattering and anti-Stokes scattering. The photons 
emitted by Stokes-Raman scattering usually have a lower energy and frequency than that of the 
photons absorbed and these photons are inelastically scattered, transferring some of their energy to 
the molecule. The reverse is also possible; the photons emitted have a higher energy and frequency 
than the photons absorbed. This is called Anti-Stokes-Raman, but it is not likely at room 
temperature as electrons prefer to be in the ground state [14]. 
 
Figure 4.3 Vibrational energy level diagram of Rayleigh scattering and Raman scattering 
Upon interaction with matter, a photon excites the molecule from the original state to a virtual 
energy state. At room temperature, almost all molecules are in the ground state, so the intensity of 
stokes lines is more than that of anti-stokes lines. In Raman spectroscopy stokes lines are recorded. 
Raman shift (∆𝑣) is expressed typically in wave number (cm-1) plotted on the abscissa in Raman 
spectrum. The formula is described as: 
∆𝑣 =
 
  
−
 
  
          (1) 
where λ0 is the excitation wavelength and λ1 is the Raman spectrum wavelength. 
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For the different substance, the photons emitted have unique wavelength because each 
molecule has a different set of vibrational energy levels. The value of ∆𝑣 is dependent on the 
molecule structure, not related to the excitation wavelength λ0. Other values, e.g. peaks and 
intensity in the spectrum also rely on the vibrational and rotational modes of molecule in 
substance. 
In this work, the material is DLC coating deposited by vacuum arc. The internal structure of 
the coating was investigated using a micro-Raman system of JOBIN YVON with the visible 
excitation of the 514.5 nm Ar
+
 laser line. Usually the visible Raman spectroscopy is carried out at 
the commonly available wavelengths in the blue-green spectral region (488-514.5 nm), which is 
50-230 times more sensitive to sp
2
 sites [12, 15] than the sp
3
 phase as visible photons 
preferentially excite their π states [13]. The shortest excitation wavelength (typical UV excitation 
of 244 nm) with the highest resolution and higher photon energy of 5.1 eV can excite both the π 
and the σ states corresponding to the sp2 and sp3 sites [13, 16-18]. Different kind of carbon has 
different Raman spectrum as shown in Fig. 4.4 [19-20]. 
 
Figure 4.4 Characteristic Raman spectra of some carbon-based materials at 514.5 nm [19,20] 
The Raman spectrum of diamond is 1332 cm
-1
 due to the zone center phonons of T2g 
symmetry mode [21]. The G peak of 1575 cm
-1
 represents the Raman spectrum of graphite due to 
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E2g C(sp
2
)-C(sp
2
) stretching mode [22]. D peak around 1355 cm
-1
 is assigned to A1g symmetry 
mode. The G and D peaks are due to sp
2
 sites only. The G peak belongs to the bond stretching 
modes of all pairs of sp
2
 atoms in both rings and chains. So this mode does not need the presence 
of sixfold rings. However, the D peak is correlated to the breathing modes of sp
2
 sixfold aromatic 
rings, and this mode only becomes active in the presence of disorder [13]. 
The T peak at around 1060 cm
-1
 due to C-C sp3 bonding can be observed only in UV 
excitation [13, 16, 17, 23]. In nano-crystalline diamond (NCD) or ultra nano-crystalline diamond 
(UNCD), the 1150 cm
-1
 peak is always accompanied with the peak of ~1450 cm
-1
 and shows the 
strong dispersion, which is not related to the diamond grains (sp
3
-bonded carbon) assigned to the 
?̅?  and ?̅?3 modes of a contamination in the grain boundaries by transpoacetylene [24-25]. The 
origin of peaks at ~1150 cm
-1 
and ~1450 cm
-1
 in nanocrystalline diamond were reported by A.C. 
Ferrari [24, 26]. Furthermore, J. Birrell [26] reported that these two peaks of ~1150 cm
-1 
and 
~1450 cm
-1
 in the Raman spectrum of UNCD maybe due to carbon-hydrogen bonds in the grain 
boundaries. 
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For different amorphous carbon coatings, the Raman peak position is correlated to the 
structure of coating itself dependent on the deposition process. It was reported by Tarrant [27] 
that more than one G peak appeared in Raman spectrum of DLC films deposited by pulsed 
substrate bias, which was assigned to A peak at 1550 cm
-1
 determined by the range and 
population of non-hexagonal sp
2
 bonded groupings. The G peak can be shifted to frequency 
above 1575 cm
-1
 when DLC (ta-C) is very hard with high content of sp
3
 shown in Fig. 4.4 [19]. 
As well known the visible Raman spectrum depends fundamentally on the order of sp
2
 sites and 
only indirectly on the fraction of sp
3
 sites [13]. 
However, Raman scattering is sometimes used to probe the sp
2
/sp
3
 fraction in DLC’s by the 
ID/IG ratio. According to the phenomenological three-stage model presented by A.C. Ferrari et al. 
[9], a schematic variation of the G position and ID/IG ratio in visible Raman spectra is shown in 
Fig. 4.5. In Fig. 4.5 the possible role of hydrogen on the spectrum is not taken into consideration 
because the C-H stretching modes have no detectable contribution in the G and D peaks of 
visible Raman spectra. 
In ref. [19] the role of hydrogen in a-C:H coatings are discussed. On the one hand, hydrogen 
changes the carbon network by converting C=C groups into sp
3
 bonded CH-CH groups. On the 
other hand, the background luminescence increases because the optical gap is increased resulting 
from the number of sp
3
 sites with increased hydrogen content. The C-H stretching modes lie 
outside the D and G regions above 3000 cm
-1
 which can only be observed in UV excitation due 
to the overwhelming cross section of sp
2
 sites in visible excitation [28]. 
The Raman spectrum of DLC which is more disordered is considered to depend on 
clustering of the sp
2
 phase, bond disorder, the presence of sp
2
 rings or chains and the sp
2
/sp
3
 
fraction as shown in Fig. 4.6 [13]. The G and D peak positions and the ID/IG ratio in the Raman 
spectra change more or less according to the different kinds of amorphous carbon due to the 
introduction of a series of defects: bond-angle disorder, bond-length disorder and hybridization. 
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Figure 4.6 Schematic diagram of influence on the Raman spectra 
A dotted arrow marks the indirect influence of the sp3 content on increasing G positions [13]. 
The clustering and disorder of the sp
2
 phase are the main factor affecting peak positions, 
width, and intensity [20]. The ID/IG ratio is a measurement of the size of the sp
2 
phase organized 
in rings [13]. If the ID/IG ratio is near zero, the sp
2
 phase is mainly organized in chains, or, even if 
rings are present, the π bonds are not fully delocalized on the rings [13]. Another Raman 
parameter is the full width at half maximum of the G peak, FWHM (G), which examines those 
sp
2
 clusters resonant at particular excitation energy as a single wavelength parameter. That means, 
clusters have the similar size at a given excitation wavelength. Actually FWHM (G) is mainly a 
measurement of structural disorder caused by bond angle and bond length distortions. At a given 
cluster size, FWHM (G) is increased with the increase of bond length and bond angle disorder 
[20]. In contrast the size and shape distribution of sp
2
 cluster resulting in topological disorder can 
be probed by G peak dispersion, Disp(G). The G peak dispersion results from the resonant 
selection of sp
2
 chains of different sizes at different excitation energies [28-29]. 
For DLC coatings, one broad Raman peak appears in the range between 1000 cm
-1
 and 1800 
cm
-1
, which can be fitted by Gaussians or Lorentzians on a linear background. It is discussed in 
detail about multi-peak fitting analysis of Raman spectra at 514.5 nm in chapter 6.1. 
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4.2 Tribological evaluation of DLC coatings 
Tribology is the science and technology of contacting surfaces having a relative motion 
against each other. This means that tribology deals with the phenomena of friction and wear of 
surface with and also without lubrication. In several fields of technical application, e.g., in the 
automotive or aircraft industries, the reduction of friction and wear is a very important aspect with 
respect to longer lifetimes. What’s more, it is also important and has become a true clinical 
problem in biomedical applications, especially for artificial hip joints. 
 
Figure 4.7 The tribological test setup [30] 
The main mechanical properties, such as friction coefficient and wear rate are measured here 
by a Wazau TRM 1000 tribometer (Berlin, Germany) using the disc-on-disc test as shown in Fig. 
4.7 [30]. Meanwhile, the wear particles are generated by this tester, where a rotary disc is located 
above and pressed against a stationary disc with a defined normal force. Deionized water is used 
as lubrication. During tests with high values of friction torque leading to a temperature rise of the 
lubricant, the temperature of the lubricant can be measured. Usually it is kept at room temperature. 
The test is conducted at the defined direction. The normal force is set by means of a drive-spindle 
system adjustable from 5 ~ 1000 N. Actually the normal force is dependent on the properties of 
samples. If the DLC coating deposited is harder, the normal force must be increased in order to get 
enough wear particles. The minimum of normal force used in this work is 50 N for the 
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disc-on-disc setup. The velocity of circulation or rotational speed can be set, and here 0.01 m/s as 
velocity is chosen. The radius of 15.5 mm or 16 mm is set dependent on the diameter of sample. 
The other value is automatically calculated by the equation: 
𝑣 = 2 ∙ 𝜋 ∙ 𝑟 ∙ 𝑛 (60 ∙ 1000)⁄         (2) 
where 𝑣 = velocity [m/s] 
r = radius [mm] 
n = rotational speed [min
-1
]. 
The value of friction coefficient at rotating movement is calculated satisfying the following 
equation: 
𝜇 = 𝑀 ∙ 1000 𝐹𝑁 ∙ 𝑟⁄         (3) 
where 𝜇 = friction coefficient  
M = friction torque [Nm] 
FN = normal force [N]. 
The wear rate can be calculated from the wear amount and the time. 
After tribological test, not only the mechanical properties of coatings can be obtained, but 
also the wear particles can be produced. For the analysis of the wear particle size distribution, the 
particles must be collected. It is difficult to collect all wear particles. In addition one must take care 
that the particle concentration is not too low, and also ensure that the material collected is 
representative of the most particles collective. The detail about particles collection will be 
discussed in Section 6.4. 
4.3 Cavitation erosion test 
Cavitation is the process of rupturing a liquid by decrease in pressure at roughly constant 
liquid temperature. It involves the formation, growth and rapid collapse of cavities or bubbles and 
occurs in flowing liquid. When cavities collapse close to a solid surface, it may result in high 
velocities, pressures, and temperatures which can cause the material damage. Besides the effects 
of vibration and damage, cavitation can produce the effects of noise and erosion even corrosion 
because of the presence of a liquid environment frequently [31-32]. 
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In the laboratory an ultrasonic equipment of ASTM G32-98 [33] is used with vibratory 
apparatus for cavitation erosion of DLC coatings (Fig. 4.8), by which the adhesion of DLC 
coatings to substrate can be investigated, combined with the quantitative images analysis. The 
frequency vibration of the sonotrode (frequency of 20 kHz) causes a cavitation bubble field in 
front of the substrate surface originated by the pressure fluctuations at the tip of the sonotrode 
[34-36]. The occurrence of cavitation is in flowing liquid systems where hydrodynamic effects 
result in regions of the flow where the pressure falls below the vapor pressure [32]. Therefore, the 
surface of sample is destroyed by the repeated treatment of the gas and fluid cavities implosion. In 
addition, the high energetic fluid jets with about the diameter of ~1μm, where the pressure of 105 
bar can be obtained, cause the surface disruption by fatigue [35]. 
 
Figure 4.8 Cavitation equipment [35] 
In order to compare all samples well, all cavitation charging must be tested with the constant 
parameters, for example, 5 mm diameter of sonotrode, 0.7 mm distance between the sonotrode and 
the substrate, water with 27 ℃. The vessel is filled up to 2 cm below the edge of the pool with the 
cavitation, and the sonotrode is to adjust so that 8-16 mm of sonotrode will be immersed in the 
cavitation medium according to ASTM G32-98 [35]. In Section 6.3 it is described clearly that how 
and why to choose appropriate parameters for certain materials prior to the cavitation test. 
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Figure 4.9 Wear damage by cavitation erosion of DLC coatings 
At an incubation period of cavitation charging there is no any measurable wear, then the wear 
of DLC coating starts with the test duration. After cavitation erosion test, the quality was analyzed 
by light microscopic investigation. The change of the surface area is converted into the surface 
damage by means of quantitative evaluation through quantitative image analysis (see Fig. 4.9). 
The high black and white contrast of the light microscope, which resulted from the small depth of 
focus, allows a separation between undamaged and worn coating areas. The percentage of worn 
area can be calculated automatically by the application software (named Color World 
programmed by Jialiang Guan). The properties of coatings and substrate could be optimized by 
comparison of the adhesion of all samples by means of different proportions of the surface damage 
mass. 
4.4 Particle size distribution analysis 
The wear particles are collected in suspension in the deionized water, then measured using a 
laser scattering particle size analyzer Horiba LA-950 with 17 channels per decade as shown in Fig. 
4.10 [37]. In this equipment Mie scattering theory is used. The widest dynamic range of 0.01 µm ~ 
3000 µm which is determined by Laser light diffraction spectrometry makes it possible to perform 
precise particle size measurements on a wide scale in many different industries. 
According to the ref. [38], there are two reasons which influence the result of distribution. 
One is different physical properties used in characterizing the “size” of individual particles. 
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Another is different types and different measures of quantity chosen. Here the volume cumulative 
distribution Q3(x) and the volume density distribution q3(x) are chosen to characterize the size of 
particles. All values are measured in certain size intervals. 
 
Figure 4.10 The equipment of particle size distribution analyzer [37] 
The volume cumulative distribution Q3(xi), the range from 0 to 1, represents the 
concentration of particles equal to or smaller than a given particle size xi. The density distribution 
(the frequency distribution) q3(xi) which is the first derivative or the slope of Q3(x) represents the 
amount of particles of a given particle size xi, relative to the entire particle size distribution: 
3
3
( )
( )i
dQ x
q x
dx
           (4) 
As formula (4) shows, it should be noted that the density distribution has the dimension of an 
inverse length and represents amounts of particles that fall within the interval size. According to 
the cumulative distribution and density distribution, other various parameters can be determined, 
including the median value x50, the modal value xmod and the mean value x . The median value 
means 50% of the total particle collective is smaller than x50, Q3(x) = 0.5. The modal value that 
occurs most often, is the particle size at which the density distribution q3(xi) exhibits a maximum. 
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Figure 4.11 Cumulative distribution and transformed frequency distribution of sample N1 deposited with an 
anode-cathode diameter ratio of da/dc = 3/1 at a DC bias of –1000 V 
By means of particle size analyzer Horiba LA-950, the cumulative distribution Q3(x) and the 
transformed frequency distribution q
*
3(x) of samples can be directly obtained as shown in Fig. 
4.11. Actually the value of q
*
3(x) can be determined by Q3(x): 
3
3
( )
( )
log
dQ x
q x
d x
            (5) 
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Figure 4.12 Frequency distribution q3(x) of sample N1 deposited with an anode-cathode diameter ratio of 
da/dc = 3/1 at a DC bias of –1000 V 
In these experiments, the frequency (density) distribution q3(x) as one representation of 
particle size analysis is illustrated in Fig. 4.12, which is totally different from the transformed 
frequency distribution 3 ( )q x
  shown in Fig. 4.11. 
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When the particle size analyzer Horiba LA-950 is used, many parameters need to be set prior 
to analysis. It is very important to select appropriate analysis parameters for one certain sample, 
for example the refractive index of sample and solvent, the speed of the circulation pump and 
ultrasonic as dispersion conditions, even including the particle collection. In this work 1.952 of 
carbon is chosen as the refractive index and demineralized water (refractive index nc =1.333) is the 
dispersion medium. The details about parameters can be seen in Section 6.4. 
References 
[1] C. Kowalski, Dektak 6M Manual, Digital Instruments Veeco Metrology Group, 2002. 
[2] P. Koidl, C. Wagner, B. Dischler, J. Wagner, M. Ramsteiner, Plasma deposition, properties and structure of  
 amorphous hydrogenated carbon films, Materials Science Forum 52-53 (1990) 41-70. 
[3] D.R. McKenzie, Tetrahedral bonding in amorphous carbon, Reports on Progress in Physics 59 (12) (1996)  
 1611-1664. 
[4] P.J. Fallon, V.S. Veerasamy, C.A. Davis, J. Robertson, G.A. Amaratunga, W.I. Milne, J. Koskinen, Properties  
 of filtered-ion-beam-deposited diamondlike carbon as a function of ion energy, Physical Review B 48 (7)  
 (1993) 4777-4782. 
[5] G.M. Pharr, D.L. Callahan, S.D. McAdams, T.Y. Tsui, S. Anders, A. Anders, J.W. Ager, I.G. Brown,  
 C.S. Bhatia, S.R.P. Silva, J. Robertson, Hardness, elastic modulus, and structure of very hard carbon films  
 produced by cathodic-arc deposition with substrate pulse biasing, Applied Physics Letters 68 (6) (1996)  
 779-781. 
[6] M. Weiler, S. Sattel, K. Jung, H. Ehrhardt, V.S. Veerasamy, J. Robertson, High tetrahedral, diamond-like  
 amorphous heydrogenated carbon prepared from a plasma beam source, Applied Physic Letters 64 (21)  
 (1994) 2797-2799. 
[7] Surface measurement surftest SJ-301, Mitutoyo Eurpe GmbH, Neuss, Germany PRE 1211 (3). 
[8] R.E. Lee, Scanning electron microscopy and X-ray microanalysis, Prentice-Hall (QH212S3L44) for  
 undergraduate students (1993) 93-95. 
[9] L. Reimer, Scanning electron microscopy-physics of image formation and microanalysis, Second Edition,  
 Measurement Science and Technology 11 (12) (2000). 
[10] B. Jaehne, H. Haussecker, P. Geissler, Handbook of Computer Vision and Applications Volume 1 Sensors  
 and Imaging, San Diego, London, Boston, New York, Sydney, Tokyo, Toronto, Academic Press(1999)  
 364-367. 
[11] J. Goldstein, Scanning Electron Microscopy and X-Ray Microanalysis. Springer. ISBN 978-0-306-47292-3  
 (2003) Retrieved 26 May 2012. 
[12] S. R. Salis, D.J. Gardiner, M. Bowden, J. Savage, D. Rodway, Monitoring the quality of diamond films  
 using Raman spectra excited at 514.5 nm and 633 nm, Diamond and Related Materials 5 (6-8) (1996)  
 589-591. 
4. Experimental methods for characterization of DLC coatings 
65 
 
[13] A.C. Ferrari, J. Robertson, Interpretation of Raman spectra of disordered and amorphous carbon,  
 Physical Review B 61 (2000) 14095-14107. 
[14] D.C. Harris, M.D. Bertolucci, Symmetry and spectroscopy: an introduction to vibrational and electronic  
 spectroscopy, New York Dover Publications (1989). 
[15] N. Wada, P. J. Gaczi, S.A. Solin, “Diamond-like” 3-fold coordinated amorphous carbon, Journal of  
 Non-Crystalline Solids 35-36 (1980) 543-548. 
[16] K.W.R. Gilkes, H.S. Sands, D.N. Batchelder, J. Robertson, W.I. Milne, Direct observation of sp
3
 bonding in  
 tetrahedral amorphous carbon using ultraviolet Raman spectroscopy, Applied Physics Letters 70 (15)  
 (1997) 1980-1982. 
[17] V.I. Merkulov, J.S. Lannin, C.H. Munro, S.A. Asher, V.S. Veerasamy, W.I. Milne, UV studies of  
tetrahedral bonding in diamondlike amorphous carbon, Physical Review Letters 78 (25) (1997)  
4869-4872. 
[18] D. W. Pohl, W. Derik, M. Lanz, Optical stethoscopy: Image recording with resolution λ/20, Applied 
Physics Letters 44 (7) (1984) 651-653. 
[19] G. Irmer, A. Dorner-Reisel, Micro-Raman studies on DLC coatings, Advanced Engineering Materials 7 (8)  
 (2005) 694-705. 
[20] C. Casiraghi, A.C. Ferrari, J. Robertson, Raman spectroscopy of hydrogenated amorphous carbons,  
 Physical Review B 73 (2005) 085401 1-14. 
[21] D.S. Knight, W.B. White, Characterization of diamond films by Raman spectroscopy, Journal of Materials  
 Research 4 (1989) 385-393. 
[22] F. Tuinstra, J.L. Koenig, Raman spectrum of graphite, Journal of Chemical Physics, 53(3) (1970) 
1126-1130. 
[23] M. Rybachuk, J.M. Bell, Growth of diamond-like carbon films using low energy ion beam 
sputter-bombardment deposition with Ar ions, Journal of Physics: Conference Series 100 (2008)  
 082009 1-4. 
[24] A.C. Ferrari, J. Robertson, Origin of the 1150-cm
-1
 Raman mode in nanocrystalline diamond, Physical 
Review B 63 (2001) 121405(R) 1-4. 
[25] R. Pfeiffer, H. Kuzmany, P. Knoll, S. Bokova, N. Salk, B. Guenther, Evidence for trans-polyacetylene in  
 nano-crystalline diamond films, Diamond and Related Materials 12 (2003) 268-271. 
[26] J. Birrell, J.E. Gerbi, O. Auciello, J.M. Gibson, J. Johnson, J.A. Carlisle, Interpretation of the Raman  
 spectra of ultrananocrystalline diamond, Diamond and Related Materials 14 (2005) 86-52. 
[27] R.N. Tarrant, D.R. McKennzie, M.M.M. Bilek, Raman characterization of PIII multilayer carbon films,  
 Diamond and Related Materials 13 (2004) 1422-1426. 
[28] A.C. Ferrari, J. Robertson, Resonant Raman spectroscopy of disordered, amorphous, and diamondlike  
 carbon, Physical Review B 64 (2001) 075414 1-13. 
[29] S. Piscanec, F. Mauri, A.C. Ferrari, M. Lazzeri, J. Robertson, Ab initio resonant Raman spectra of  
 diamond-like carbons, Diamond and Related Materials 14 (3-7) (2005) 1078-1083. 
 
 66 
[30] Manual Tribometer Type TRM 1000, Dr. –Ing. Georg Wazau Mess- + Prüfsystem GmbH, Berlin,  
 Germany, (2007) 1-69. 
[31] B.J. Briscoe, M.J. Adams (eds), Tribology in Particulate Technology, 1987 
[32] C.E. Brennen, Cavitation and bubble dynamics, CHAPTER 3, Cavitation bubble collapse, Oxford 
University Press 1995. 
[33] [ASTM G 32-98/1998] Standard Test Method for Cavitation Erosion Using Vibratory Apparatus. 
[34] F. Deuerler, H. Gruner, M. Pohl, L. Tikana, Wear mechanisms of diamond-coated tools, Surface and  
 Coatings Technology 142-144 (2001) 674-680. 
[35] F. Deuerler, O. Lemmer, M. Frank, M. Pohl, C. Heßing, Diamond films for wear protection of hard metal  
tools, International Journal of Refractory Metals & Hard Materials 20 (2002) 115-120. 
[36] F. Deuerler, M. Pohl, C. Heßing, Micro- and nanostructured diamond films under wear charging in 
cavitation test, Surface and Coatings Technology 174-175 (2003) 732-737. 
[37] Partikelgrößenanalyse mit Statischer Laserlichtstreuung, HORIBA LA-950, Retsch Technology GmbH  
Haan, Germany 99.950.0001/D-11-2010. 
[38] K. Leschonski, Representation and evaluation of particle size analysis data. Part. Charact. I (1984) 89-95. 
 
5. Experiments for interface layer characterization of DLC coatings 
67 
 
5. Experiments for deposition of interface layer and DLC 
coatings 
5.1 Deposition of interface layer (Ti) by cathodic arc evaporation 
5.1.1 Deposition setup (Cathodic arc evaporation) 
The interface layers were deposited on the P2000 discs by vacuum arc from the titanium 
cathode with DC bias voltage. The schematic diagram of the deposition system used in this study 
was shown in Fig. 5.1. The cathodic target is located in the chamber with a water cooling system 
and connected to the power supply which has a low voltage and high current supply ranged from 0 
~ 40 V and 0 ~ 100 A, respectively. Another small electrode is a carbon striker. The vacuum arc is 
initiated by touching the titanium cathode with a small carbon striker electrode and withdrawing 
the striker mechanically. 
In order to get the higher current to maintain a vacuum arc, the power supply is operated in 
parallel with another unit which permits one “master” supply to control the other supplies. Here 
two TCR 3 phase power supplies LAMBDA EMI with 4 kW maximum output power are used [1]. 
 
Figure 5.1 Schematic diagram of cathodic vacuum arc deposition system for interface layer 
The bias supply connected to the substrate is MAGPULS QP-1000/10/20 bp by Magtron 
with the maximum frequency of 33 KHz [2]. The applied voltage, duty cycle and frequency could 
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be adjusted from 0 to 1000 V, 0 to 100 % and 0.05 to 33 kHz, respectively. However, in this work, 
the chosen mode is the DC bias not pulse bias. 
5.1.2 Deposition Process 
In this work, discs of 31 mm diameter and 4 mm thickness were used as substrates made of 
P2000. P2000 is a Cr-Mn-Mo-N-steel as shown in Table 5.1 for high technological components 
remelted under high pressure (DIN-Code: 1.4452) [3]. This material is developed by the 
company Energietechnik Essen and passed the bio-compatibility test according to DIN ISO 
10993-5 [3], with hardness of 380 HV30 [4-5]. 
Table 5.1 Chemical analysis of P2000 [3] 
[Co. %] C Si Mn P N Al Cr Mo Ni V Nb 
P2000 
Min. -- -- 12.00 -- 0.75 -- 16.00 2.50 -- -- -- 
Max. 0.15 1.00 16.00 0.05 1.00 0.10 20.00 4.20 0.30 0.20 0.25 
 
For optimum tribological performance, controlling the initial nucleation density of DLC is 
the key to obtain uniform and continuous DLC films which must be deposited onto highly 
polished surfaces. The most widely used surface pretreatments involve modification of the 
substrate surface either by abrading the surface with diamond particles [6] or bombarding the 
surface with diamond particles by immersing the substrate in a diamond suspension by ultrasonic 
agitation [7]. In these experiments, the surfaces of discs were polished with diamond suspension 
by a factory. After polishing, the substrates are treated in an ultrasonic bath with an isopropanol 
solution for 10 min, and then blown dry with N2. Before deposition the weights of the samples 
are measured. 
Pre-cleaned discs were placed onto the stainless steel substrate holder. The pure titanium 
target as the cathode was disc-shaped. The inside of chamber was necessary to clean with vacuum 
cleaner first then the wall with ethanol. After cleaning the chamber the cathode and the substrate 
holder were installed into it and made them stationary. When the process chamber was in a high 
vacuum, the DC bias supply was turned on first to make sure the surface of substrate was clean, 
and then the arc power supply was switched on. At last the button of controlling the small carbon 
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striker was pressed to make it contacted and separated with the cathode quickly. Then the arc 
formed on the cathode and the cathodic material (Ti) was evaporated. Meanwhile, the plasma was 
produced in the vapor of the vaporized material (Ti). In this work, the interface layer deposition 
was carried out without any gases. 
Table 5.2 Deposition process parameters for interface layers  
Deposition parameters Conditions 
Arc current 40 A - 80 A 
Arc voltage 20 V - 40 V 
Deposition time 5 min 
Substrate P2000 
The deposition time was 5 min. During the deposition of titanium, the DC bias applied to the 
substrate was changed with time. At the beginning the DC bias of –1000 V was set, which was 
after 30 s continuously reduced within 4 min and 30 s to –100 V. The deposition pressure was 
increased first when an arc was initiated and then decreased with decreasing the bias slowly. The 
temperature of the cathode and the substrate holder was controlled by water cooling. Experimental 
parameters are summarized in Table 5.2. 
 
Figure 5.2 Interface layer of Ti deposited on P2000 
After deposition, the chamber needed some time to cool down, so the cooling water must run 
in the whole deposition process. Usually the deposited interface layer of Ti showed the silver color 
and looked like a mirror as shown in Fig. 5.2. 
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5.2 Relationship between deposition pressure and arc voltage and 
current  
As described above, the working pressure during the deposition of Ti was not constant. 
Usually the deposited interface layer of Ti showed the silver color. When Ti was grown at the 
pressure of 2 ~ 4×10
-2 
mbar (base pressure of 1×10
-3 
mbar), the film displayed the diverse color 
which indicated the nonuniformity of coating. What’s more, the arc current and voltage changed 
with the pressure, kept at 40 A ~ 60 A and 30 V ~ 40 V respectively. There seemed to be some 
relationship between deposition pressure and arc voltage and current. In addition, in order to get 
low-pressure gas ambient further vacuum pump was connected to the system. After that a base 
chamber pressure of less than 7×10
-4
 mbar was achieved. 
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Figure 5.3 Relationship between voltage and current at the different deposition pressure 
Argon was added to establish a stable chamber pressure and the arc was stable. Just for the 
study of the relation between pressure and arc voltage and current there was no sample in chamber 
and no bias voltage applied to the substrate. The chamber pressure controlled by the argon gas 
flow rate was varied from 5.5×10
-3
 mbar to 6.4×10
-6
 mbar, with which the voltage and current 
were changed in the range of 20 V ~ 25 V and 70 A ~ 80 A, respectively.  
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The relationship was observed by plotting the arc voltage and current as a function of the 
chamber pressure as shown in Fig. 5.3. It was found that the arc voltage and current were increased 
with decreasing the chamber pressure.  
The titanium was deposited on P2000 as the process described above. During the deposition 
argon was used to adjust the deposition pressure. When the DC bias was applied to the substrate, 
the relation between deposition pressure and the characteristic of arc was different from it without 
bias. By comparison, at the same deposition pressure the arc current was increased, but the arc 
voltage was kept at the constant when the bias was introduced to the substrate as shown in Table 
5.3. 
Table 5.3 Comparison of effect of the bias on the arc characteristic 
Deposition 
pressure / mbar 
No DC bias to the substrate With DC bias to the substrate 
Voltage / V Current / A Voltage / V Current / A 
2~7×10
-3
 21 70 21 74 
1~5×10
-5
 24 73 24 77 
 
During the whole deposition of Ti, the voltage and current were changed with the working 
pressure as shown in Fig. 5.3. At the higher pressure of ~10
-2
 mbar the higher voltage and lower 
current were obtained. With decreasing the pressure to ~10
-3
 mbar, the voltage was reduced to ~20 
V and the current was increased to ~74 A. When the chamber vacuum reached to ~10
-5 
mbar, the 
voltage and current were increased slightly comparing with the values at the pressure of ~10
-3
 
mbar. In addition, it was found that the values of voltage and current were not stable and changed 
in a broad range at the higher deposition pressure, which resulted in the nonuniformity of Ti film. 
In contrast, at lower pressure the values were more stable, which was of advantage to deposit the 
interface layer of high quality by cathodic arc vacuum evaporation.  
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5.3 Deposition of DLC coatings by new vacuum arc equipment 
5.3.1 Deposition setup (Transition between the cathodic arc and anodic arc) 
As described in chapter 2.3.1, there are two types of the arc discharge: cathodic arc and 
anodic arc which depends on the source of the deposited material. If the evaporated material is 
originated from the anode, this arc discharge can be called anodic arc. The type of the arc discharge 
plays an important role in properties of coating during deposition. Here the transition from 
cathodic to anodic arc can be achieved by adjusting an anode-cathode diameter ratio in the DLC 
coatings deposition system. The schematic diagram of the deposition setup was shown in Fig. 5.4. 
 
Figure 5.4 Schematic diagram of vacuum arc deposition system for DLC coatings 
In this system the hydrogen can be introduced into the deposition chamber. But in this work, 
there was not any source of hydrogen used, so the DLCs deposited were hydrogen-free a-C 
coatings. 
Two electrodes were manufactured from Ringsdorff spectroscopic carbon (Type RW 003) 
consisting of pure graphite cylinder and must be cooled with water during the deposition. In the 
experiments, the electrode diameter ratio of da/dc was varied from 1/3 to 3/1. 
Two TCR 3 phase power supplies LAMBDA EMI [1] with 4 kW maximum output power 
were used in series. The voltage and current were in the range of 0 ~ 40 V and 0 ~ 100 A, 
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respectively. The bias supply applied to the substrate was Magpuls QP-1000/10/20 BP [2], which 
was the same equipment described in Chapter 5 for the deposition of Ti. The mode was also DC 
negative bias. The deposition conditions were monitored with the Quadrupole Mass Spectrometer 
(QMS-200 Prisma
TM
) [8]. 
5.3.2 Deposition Process 
After deposition of interface layer Ti on P2000, two discs as the substrates were taken out 
from the chamber, and subjected to an ultrasonic bath with acetone solution for 10 min, and then 
blown dry with N2. The weight was measured by a balance. At the same time, double-side polished 
silicon wafer (100) was cut into piece of 20 mm × 10 mm and used as another substrate. Silicon 
wafer was also treated ultrasonically in isopropanol solution for 10 min, and then dried with pure 
nitrogen. After cleaning, the silicon substrate was lined using one marker for measuring the film 
thickness. Finally all samples consisting of two discs and one Si wafer were fixed on the substrate 
holder and the silicon wafer was positioned in the middle of two discs. 
Table 5.4 Deposition process parameters for DLC coatings 
Deposition parameters Conditions 
Deposition pressure 2×10
-3 
mbar 
Arc current 80 A 
Arc voltage 20 V 
Deposition time 3 min 
DC bias to substrate 0, –250, –500, –750, –1000 V 
da/dc 1/3, 1/1, 3/1 
 
Firstly the deposition chamber needed to be cleaned with vacuum cleaner. Secondly the 
substrate holder and electrodes were mounted in the deposition chamber. Prior to closing the 
chamber it was important to make sure that the cathode and anode were contacted to each other. 
The chamber was evacuated to a base pressure of 1.5×10
-5 
mbar. The DC bias supply was turned 
on and the certain negative bias was inputed first. Then the power supply was switched on and the 
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electrodes were heated. When the voltage was increased slowly to 10 V and the current was a 
constant of 80 A, the sufficient electrode temperature was obtained. At this time, the carbon 
plasma was produced by separating the graphite electrodes in this high vacuum. The voltage was 
kept at about 20 V by adjusting the distance of 5 mm between two electrodes. The DLC coatings 
were deposited on P2000 substrates with Ti as interface layer by vacuum arc method with an 
anode-cathode mode. A more detailed list of deposition process parameters is given in Table 5.4. 
After DLC coatings deposition, the power supply and bias supply were switched off in 
sequence. The samples were not taken out until the chamber was cooled down to room temperature. 
The Si wafer with marker was cleaned ultrasonically in acetone and ethanol solution, respectively. 
When the marker was removed and the step was formed, the Si wafer was blown dry with N2 and 
the thickness of the DLC coating was measured by the contacting gauge. Two discs were taken out 
and weighed directly. The weight of the DLC coating could be obtained by the weight difference 
before and after DLC coating deposition. 
References 
[1] Instruction manual for TCR 3 PHASE POWER SUPPLY, LAMBDA EMI, 83-467-001 Revision B. 
[2] Y.Y. He, Deposition of diamond-like carbon films by liquid electrochemical technique (dissertation), 
Universität Duisburg-Essen (2011) 1-139. 
[3] DIN-Code: 1.4452, DIN ISO 10993-5, Stainless austenitic steel, Energietechnik Essen P2000 X13 
CrMnMoN 18-14-3 (2003) 1-9. 
[4] S. Reuter, B. Weßkamp, R. Büscher, A. Fischer, B. Barden, F.Löer, V. Buck, Correlation of structural  
 properties of commercial DLC-coatings to their tribological performence in biomedical applications,  
 Wear 261 (2006) 419-425. 
[5] B. Stamm, B. Küzün, O. Filipov, S. Reuter, I. Erdmann, F. Deuerler, D. Krix, K. Huba, H. Nienhaus, V. Buck,  
 Adjustment of wear particle size distribution of DLC coatings for tribological metal-on-metal pairing in  
 artificial hip joints, Mat.-wiss. u. Werkstofftech 40 (1-2) (2009) 98-100. 
[6] J.C. Arnault, L. Demuynck, C. Speisser, F.Le Normand, Mechanisms of CVD diamond nucleation and  
 growth on mechanically scratched Si (100) surfaces, The European Physical Journal B 11 (1999)  
 327-343. 
[7] E. Anger, A. Gicquel, Z.Z. Wang, M.F. Ravet, Chemical and morphological modifications of silicon wafers  
 treated by ultrasonic impacts of powders: consequences on diamond nucleation, Diamond and Related  
 Materials 4 (5-6) (1995) 759-764. 
[8] Operating instructions, QMS 200 Prisma TM 80 Quadrupole mass spectrometer, BG 805 204 BE/B (0203). 
6. Parameters of analysis of Raman spectra and wear tests 
75 
 
6. Parameters of analysis of Raman spectra and wear tests 
6.1 Analysis of Raman spectra 
Raman spectrum fitting is used to get the intensity ratio of the D and G bands in the analyzed 
diamond-like carbon (DLC). As reference [1] shows, for the same carbon coatings, different 
Raman spectra can be obtained with different excitation wavelengths. This thesis is referred to 
Raman data at 514 nm. 
Usually there are two fits: a Lorentzian fit and a Gaussian fit. The simplest fit for Raman 
spectra of DLC: two Gaussians [2-4], two Lorentzians or a fit with a Breit-Wigner-Fano (BWF) 
line for the G peak and a Lorentzian for the D peak (BWF + Lorentzian fits) [5-9], in which two 
Gaussians fitting is widely used in Raman spectra as reference [10] shows. Most papers focus on 
the G and D peaks as two prominent features, neglecting other features that sometimes are present, 
such as those at 1100~1200 and 1400~1500 cm
-1
. Therefore, in order to be fitted very well on a 
linear background, other peaks must be considered. For example, “T” peak at around 1060 cm-1 is 
due to CC sp
3
 bonding and appears only for UV excitation [5-6,11-12], which can’t be observed in 
visible excitation. However, a simple two symmetric-line fit for different kinds of carbon films is 
not always suitable in visible Raman spectra. 
In the year 2009, F.C. Tai used three-peak fitting of visible Raman spectra of as-deposited 
hydrogenated diamond-like carbon (DLCH) film under Gaussian function for D1(~ 1450 cm
-1
), 
D2(~ 1280 cm
-1
) and G peaks or D, G1(~1530 cm
-1
) and G2(~ 1600 cm
-1
) peaks [13], and found 
that the ID/IG ratio was inconsistent. In one doctoral thesis [14], the author discussed the visible 
Raman spectra of amorphous carbon by using two-Gaussian, three-Gaussian, two-Lorentzian and 
three-Lorentzian fitting. More three-peak fitting can be seen from references [15-19] with full 
Gaussian function, in which the peak position consisted of two peaks (D2, D1) for D peaks and 
two peaks (G1, G2) for G peaks: ~ 1180 cm
-1
 (nanocrystalline diamond), ~1350 cm
-1
 
(microcrystalline or nanocrystalline graphite), ~ 1490 cm
-1
 (disordered graphite) and ~ 1580 cm
-1 
(ordered graphite), respectively. However, according to the Raman curve fitting made by Nakao 
[18] and F.C. Tai et al. [13], several assumptions have been made on the multi-peak intensity 
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calculations: D=D1+D2, G=G1+G2, D2<D1 and G2<G1. So it is very important to choose 
appropriate numbers and positions of peak before fitting the Raman spectrum. Because of the 
different values, for example the peak position, the ratio of ID/IG and so on, can be obtained using 
different numbers and positions of peak, which will reflect the characterization of coatings’ 
structure. 
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Figure 6.1 Raman spectra fitted with two-Gaussian fits of DLC synthesized at the DC bias of –250 V to –1000 V 
(the red line represents the fitted curve) 
 Deposition of DLC coatings 
DLC coatings were deposited on steel (P2000) by a vacuum arc adjustable from anodic to 
cathodic operation mode, with an anode-cathode diameter ratio of da/dc = 1/1 at a DC bias of –250 
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V to –1000 V. The details of deposition processing and parameters were shown in the reference 
[20]. A micro-Raman system of HORIBA Jobin Yvon with the visible excitation of the 514.5 nm 
Ar
+
 laser line was used. Most coatings deposited by arc showed weak peaks at ~1100 cm
-1
 in 
visible Raman spectra. A linear background was subtracted before fitting the spectra. 
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Figure 6.2 Raman spectra fitted with three-Gaussian of DLC synthesized at a DC bias of –250 V to –1000 V 
 Two-peak fitting analysis of visible Raman spectra of DLC coatings 
Fig. 6.1 shows that Raman spectra were fitted by Gaussian curves using two general peaks (D 
peak and G peak). It was found that there was no match at the lower frequency (<1200 cm
-1
) with 
original Raman spectrum when fitting spectrum with two Gaussian functions. The fitted curves 
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(red lines in Fig. 6.1) were a little bit higher than the measured data at the highest peak, because a 
weak peak at ~1400 cm
-1
 appeared between D peak (1350 cm
-1
) and G peak (1570 cm
-1
). When D 
peak and G peak were matched well, the fitted curves about 1400 cm
-1 
were lower than the original 
curve. So two-Gaussian fitting was not suitable to characterize the structure of the samples. 
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Figure 6.3 Raman spectra fitted with four-Gaussian of DLC synthesized at a DC bias of –250 V to –1000 V 
 Three-peak fitting analysis of visible Raman spectra of DLC coatings 
Fig. 6.2 shows that Raman spectra were fitted by Gaussian curves using three peaks (D2, D1 
and G peaks). For D2, D1 and G three-peak model, the peak positions are ~1100, ~1350 and ~1580 
cm
-1
, respectively. 
To use three-peak fitting was much better than two-peak fitting as shown in Fig. 6.2, but a 
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weak peak at ~1400 cm
-1
 was not fitted well if using only three peaks, especially for the Raman 
spectra at a bias of –250 V and –1000 V. 
 Four-peak fitting analysis of visible Raman spectra of DLC coatings 
Fig. 6.3 shows that Raman spectra were fitted by Gaussian curves using four peaks (D2, D1, 
G2 and G1 peaks). A four-peak fitting of the Raman spectrum has two peaks for D peaks: D2 
(~1100 cm
-1
), D1 (~1350 cm
-1
) and two peaks for G peaks: G2 (~1400 cm
-1
), G1 (~1580 cm
-1
). 
When four-peak fitting was used to deconvolve the Raman spectra (see Fig. 6.3), it was found 
that the measured data were fitted very well compared with using two-Gaussian (Fig. 6.1) and 
three-Gaussian (Fig. 6.2). 
 Discussion 
Therefore, with different fittings of Raman spectra, different values of D, G position, as well 
as the ID/IG ratio can be obtained as shown in Fig. 6.4. 
ID/IG is the ratio of peak heights. Usually the intensities of D and G peaks refer to the 
intensities of these two peaks: “~1350 cm-1” and “~1580 cm-1”, which means the ratio of ID1/IG1 
stands for ID/IG. So there will be two different ID/IG values needed to be discussed. For three-peak 
fitting, there are ID1/IG and I(D1+D2) / IG. The values of ID1/ IG1 and I(D1+D2) / I(G1+G2) are considered in 
four-peak fitting. 
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Figure 6.4 ID/IG ratio of DLC synthesized at a DC bias of –250 V to –1000 V under different fitting function 
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Fig. 6.4 shows the corresponding value of ID/IG at the two-peak fitting, three-peak fitting and 
four-peak fitting, respectively. It was shown that the ID/IG ratio of all fitting functions for Raman 
spectra had the same tendency to change with the biases. According to Raman spectra fittings, the 
most widely used two-Gaussian function was absolutely not suitable to the Raman spectra on DLC 
films deposited by vacuum arc adjustable from anodic to cathodic operation mode, so the intensity 
ratio of D and G peak was not exact and will not be discussed here. However, by comparing with 
the ratio of ID/IG of two-peak fitting function, the three-peak Gaussian function had higher ID/IG 
ratio and the four-peak Gaussian function exhibited a lower one, no matter what kind of D and G 
peak was used in calculation of ID/IG. In three-peak fitting function, it was obviously observed that 
the I(D1+D2)/IG value was higher than the ratio of ID1/IG due to D2 peak. For four-peak Gaussian 
function, values of ID/IG1 and I(D1+D2) /I(G1+G2) were nearly the same. 
 Conclusion 
Raman spectra using four peaks can be fitted very well to analyze DLC films deposited on 
P2000 steel substrates by vacuum arc adjustable from anodic to cathodic operation mode, instead 
of the typical two-Gaussian fitting. By comparing with multi-peak Gaussian function, three-peak 
Gaussian function had the largest ID/IG ratio and four-peak fitting had a smaller ID/IG ratio. In 
addition, the intensity ratio of D and G bands obtained was almost not affected by the calculation 
formula. The results of ID1/IG1 and I(D1+D2)/I(G1+G2) of four-peak Gaussian function were consistent 
nearly. This will be very important for the choice of fitting function for Raman spectra of DLC 
coatings deposited by vacuum arc. 
6.2 Parameters of tribological test 
The importance of tribology in the field of artificial hip joints is well known. The tribological 
property of DLC coatings is determined by a very large number of factors that have an extremely 
complex influence, which is a property of the whole tribological system not a material property. 
But some factors are very obvious like materials, relative speed, pressure, temperature, 
surrounding medium, and surface topography. 
 The normal force 
In a normal healthy hip joint (see chapter 3), the surfaces of the femoral head and socket 
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(acetabulum) are covered by a smooth, tough material called articular cartilage, which cushions 
the bones and let them move easily. In a diseased hip joint, it shows worn cartilage. During 
walking or running, two cartilage layers exert contact pressure on each other. This pressure has 
been a notable parameter to evaluate the physical conditions inside the hip joint. High pressures 
are shown to be in association with soft tissue damage within the hip joint. Therefore, to measure 
the contact pressure within the hip joint is crucial for estimating joint pressure, which is also 
important for the determination of load in tribological testing. The measurements of contact 
pressure in vivo or in vitro have been performed parallel to the development of predictive tools, for 
example, finite element methods (FEM) and a statistical model [21-23]. 
According to ref. [22], it was estimated that the average pressure was in the range of 2.0-3.0 
MPa at threefold body-weight load. At 2.6 body-weight force at the hip, the peak local cartilage 
stress is 6.78 MPa, with a mean pressure of 2.14 MPa. So here the contact pressures of 2~6 MPa 
were chosen. The normal force is also dependent on the wear testing setup. For traditional 
disc-on-pin of wear testing setup, the load of 5 N was applied to the pin and initial contact pressure 
of 370 MPa was produced via Hertzian theory [24]. 
The same disc-on-pin tribological equipment and same parameters as reported by S. Reuter et 
al. [24] were used in the first set of experiments. However, the wear particles generated were not 
enough for analyzing the particle size distribution although the diameter of pin fitted in the pin 
holder screwed in the bottom of the container can be adjusted. What’s more important is that some 
dirty things from the surrounding environment will fall into the container during adjusting the 
diameter of pin every time, which will pollute the results of wear particle size distribution. In a 
word, there are some restrictions in analysis of wear particle size with the traditional disc-on-pin 
wear testing setup. 
To overcome this problem, the disc-on-disc of wear testing setup was used in the tribological 
test. It is the area contact for the surface, not point or line contact. So it is not suitable to analyze the 
normal force via the contact stress using Hertzian theory. In the experiments, the load of 50 N, 80 
N, 100 N and 120 N was chosen. With the lower load the wear particles can’t be produced and it is 
not available for use in hip joints, whereas, with the higher load the wear particles from the 
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interface layer or substrate will influence the results of the distribution. 
 Other parameters 
Deionized water was used as lubrication for testing the DLC coatings in order not to induce 
any artificial facts from corrosion (as expected from Synovia, Ringer’s solution and the bovine 
serum, etc. [25-28]). The sliding velocity of 0.01 m/s was chosen. The sliding time in the 
experiments was varied depending on the properties of DLC coatings. Actually for some coatings 
the load must added up to more than 120 N due to high hardness. 
 Experiments  
Two DLC coatings (sample 1 and 2) were deposited on the substrate of P2000 with an 
anode-cathode diameter ratio of da/dc = 1/1 at a DC bias of –250 V and –1000 V, having a thickness 
of 1450 nm and 348 nm, as well as a density of 1.73 g/cm
3
, 1.93 g/cm
3
, respectively. Ti as 
interface layer was deposited by cathodic vacuum arc evaporation (see chapter 5.1). 
The tribological conditions were at the room temperature, other parameters were as described 
above, deionized water was used and the rotation speed was 0.01 m/s. After 1h disc-on-disc testing 
in deionized water the surface morphology of sample 1 was measured by scanning electron 
microscope (SEM) as shown in Fig. 6.5 and Fig. 6.6. For sample 2, the testing time was 15 h, the 
corresponding SEM images were shown in Figs. 6.7 and 6.8. According to the morphology of 
worn surface observed by SEM, several wear mechanisms could be found [29]. 
Fig. 6.5 shows the SEM image of the surface destroyed after tribological test using 100 N as 
load. The wear tracks included two parts: black and white parts. It was observed visually that the 
white parts (see SEM 2) were destroyed more seriously than the black parts (see SEM 1), which 
was confirmed by the corresponding EDX spectra of the areas indicated in Fig. 6.5. 
The EDX spectrum (1) shows higher intensity of Ti coming from the titanium interface layer 
than of Fe coming from the steel substrate. That indicates that the interface layer was not damaged 
or less damaged, and probably little of the DLC coating was left. It was found that the surfaces 
were more or less destroyed (white parts as seen in SEM 2) still keeping the titanium interface 
layer although the intensity of titanium decreases as the intensity of iron (P2000) increases. 
Other loads for tribological test have been used to generate particles, for example: 50 N, 80 N 
and 120 N. However, it was found that a few particles can be obtained after a long time when 50 N 
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and 80 N were loaded, and to use 120 N as a load which can produce more particles, but the 
coatings were destroyed seriously, including the interface layers and even the substrates. This 
indicates that the parameters for tribological testing, the load of 100 N and sliding velocity of 0.01 
m/s etc., were appropriate to generate wear particles. 
After one hour of wear testing of sample 1, the color of worn surface was changed from dark 
to brown. There were grooves observed obviously in the form of concentric circles, especially in 
the center of discs, which can be defined as abrasive wear resulting from a hard damage may due to 
the presence of hard particles. 
 
Figure 6.5 SEM image of the center of worn surfaces and the corresponding EDX spectra  
(sample 1: 1450 nm and –250 V) 
However, Fig. 6.6 shows different morphology of wear surface. It was found that there was 
no obvious groove on the edge of worn surface (see Fig. 6.6) and consisted of three parts. Part (1) 
was DLC film left without damage, so the corresponding EDX spectrum shows lower intensity of 
(1) 
(2) 
(1) (2) 
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Fe, Cr and Mo from P2000 substrate compared to the intensity of Ti of interface layer due to the 
DLC film thickness of 1450 nm (see Fig. 6.6 (1) ). When the DLC coating was destroyed, the 
intensity of elements from substrate was increased as shown in Fig. 6.6 (2) and (3). In part (1) of 
SEM image it was observed that the shape of edge of DLC coating was not induced by scratch, 
whereas it was caused by crack resulted in plastic deformation. That means, the wear testing 
exfoliated the coating near the edge of sample 1. So the wear mechanism should belong to the 
typical delamination wear [29], which was confirmed by the SEM image of particle size. It was 
found that there was large wear debris in form of sheets. 
 
Figure 6.6 SEM image of the edge of worn surfaces and the corresponding EDX spectra  
(sample 1: 1450 nm and –250 V) 
DLC coating of sample 2 was deposited by the bias of –1000 V. After one-hour tribological 
test, there was no wear track, so the time was increased to 15 h. The SEM images and EDX spectra 
(2) 
(1) 
(3) 
(2) 
(1) 
(3) 
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were shown in Fig. 6.7 and Fig. 6.8. The EDX spectrum in Fig. 6.7 shows that the intensity of Ti 
was nearly zero. It was confirmed that on few parts of surface the interface layer was destroyed 
along with DLC coating during the longtime testing. There were much multi-axial scratches on the 
surface in SEM image of Fig. 6.7. 
 
Figure 6.7 SEM image of the worn surfaces and the corresponding EDX spectra  
(sample 2: 348 nm and –1000 V) 
Most grooves were clearly visible on worn surface as shown in Fig. 6.8, the similar to Fig. 6.6. 
The white part was scratched and the interface layer was still left according to the intensity of Ti on 
the corresponding EDX spectrum. In SEM image some dark parts came from smaller wear 
particles generated by rubbing surfaces themselves in disc-on-disc setup. In the experiments one 
common phenomenon is that some fine brown wear particles appear between the moving 
counter-surfaces as shown in Fig. 6.8. They were DLC coatings from themselves or the transfer 
from one surface to another surface during relative motion. 
Usually DLC has the ability to form a transfer layer on the softer counterpart protecting it 
from wear during sliding against certain materials in ambient atmosphere [30]. It was reported in 
ref. [30-31] that the lubricant was also important so that DLC can form a transfer layer for sliding 
against UHMWPE when using distilled water as a lubricant, but no transfer layer found in 
biological media. The transfer layer might play the role of the low shear stress surface which 
account for low friction at the DLC-DLC interface as Jia, Li, Fisher and Gallois reported in ref. 
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[32]. However, according to the research of Ronkainen et al. in 1996 [33] for DLC articulating 
against DLC, it seems that the transfer layer may not be a main requirement for low wear, in 
addition, the biotribological behavior does not change significantly in the presence of proteins in 
lubricant. So it is still not so clear about the effect of transfer layer at the interface of DLC sliding 
against DLC on the tribological behavior. Maybe it is not the main factor, but the adhesive wear is 
characterized by the transfer. Accordingly, the mechanism of wear of sample 2 shown in Fig. 6.8, 
besides abrasive wear, was adhesive wear which has been denoted as being the most commonly 
detected mechanism of wear [29]. 
 
Figure 6.8 SEM image of the worn surfaces and the corresponding EDX spectra  
(sample 2: 348 nm and –1000 V) 
 Conclusion 
For the DLC coatings deposited by vacuum arc with da/dc = 1/1, disc-on-disc testing at the 
load of 100 N was found to produce sufficient amount of wear particles to determine particle size 
distribution. The DLC coating, deposited with different parameters, has different tribological 
properties. Especially in order to get enough wear particles, some parameters of testing must be 
changed, e.g. the running time. The normal force and velocity also need to be increased when the 
sample was deposited at a bias of –750 V.  
As is known, the wear and frictional properties of materials are dependent on the tribological 
conditions of the tribosystem. When the anode-cathode diameter ratio was changed, for example, 
da/dc = 1/3 or 3/1, the normal force was varied in disc-on-disc setup according to the properties of 
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DLC coatings. Although it is sometimes impossible to avoid the impurity from environment, it 
was tried to make sure the interface layer will not be damaged so that almost all particles come 
from the DLC coating whatever load used. 
Many mechanisms will be involved in the process of wear. For DLC sliding against DLC, the 
main mechanisms are adhesive wear and abrasive wear, sometimes combined with delamination 
wear. Due to thicker DLC coatings, the films have high stress or poor adhesion which results in 
the phenomenon of delamination. 
6.3 Parameters of cavitation erosion test 
 Amplitude and distance 
The setup of cavitation test was shown in chapter 4.3. On the basis of ASTM G32-98 [34] the 
vibration amplitude of the sonotrode should be 25 μm ± 5%. Actually it can be adjusted by means 
of the power regulator on the ultrasonic generator in the used test setup. In addition, according to 
the handbook of cavitation test it is possible to change the range of amplitude from 0 to 33 µm, 
nevertheless it should be noted that the amplitude characteristic is non-linear for power control on 
the ultrasound generator as shown in Table 6.1 [34-35]. So it is very important to choose 
appropriate amplitude for certain material prior to the cavitation test. 
Table 6.1 Relationship of amplitude and percentage controlled in ultrasound generator 
 
As the distance from the substrate surface to the sonotrode, a gap of 0.65 mm was proven 
based on plenty of experiments in terms of the operating instructions of cavitation testing setup. A 
tolerance of ± 0.01 mm setting is allowable. In experiments it was found that the distance of the 
sample from the sonotrode impacted on the stress of sample. In a range from 0.60 mm to 0.70 mm, 
the smallest change of load was observed in the setting deviations. However in ref. [36-38], 0.5 
     % 
µm 
30 40 50 60 70 80 90 100 
Amplitude 13.5 16.5 19.0 21.5 25.0 28.0 30.5 33.0 
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mm was chosen as the distance from the substrate although the similar equipment for cavitation 
testing was used. The distance chosen will be related to the properties of sample. Here it was 
confirmed that 75% and 0.7 mm were appropriate for the samples by the following experiments in 
following section. 
 Other parameters 
When the ambient medium of the sonotrode of air changes to water, the amplitude is adjusted 
automatically, and the oscillation frequency is kept well at 20 ± 0.3 kHz. In the water the cavitation 
corrosion may occur besides the cavitation erosion for stainless steels. There is no big difference 
between distilled water and tap water [35]. Before the sample is immersed in the water, it is 
necessary to run sonotrode for 5 min at least in order to stabilize the gas content of cavitation 
medium. To avoid the influence of the liquid erosion (abrasive wear particles dissolved in the 
liquid) on cavitation, the cavitation medium needs to be replaced and the vessel also need to be 
cleaned after one test. 
It was found that there was no effect of temperature in the range of 22.1 ~ 33.1 ℃ in one part 
of the diploma work [35]. For better reproducibility, the temperature of the water is 25 ~ 27 ℃. 
 Experiments 
DLC films were deposited on the substrate of P2000 with the different anode-cathode 
diameter ratio of da/dc = 3/1 and 1/3 at a DC bias of 0 V, –250 V and –750 V. Ti as interface layer 
was deposited by cathodic vacuum arc evaporation. The sample was fixed in the substrate holder 
immersing in the water with 27 ℃. The sonotrode was used with a diameter of 5 mm and a 
frequency of 20 kHz. 
Many experiments were done for choosing appropriate parameters of cavitation test. When 
the distance was kept at 1 mm and 0.5 mm, there was no damage on the surface of sample with 
increasing the amplitude from 45% to 60%. According to ASTM G32-98 and Table 6.1 shown in 
operating instructions [34-35], the range of distance and amplitude discussed here were 0.6 mm ~ 
0.7 mm and 45% ~ 75%. DLC coating was deposited with da/dc = 3/1 at the different bias. The 
damaged surface area was changed with the distance of sample to the sonotrode after the cavitation 
testing with 75% of amplitude for 30 s as shown in Fig. 6.9 and Fig. 6.10. 
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Figure 6.9 Wear damage by cavitation erosion of DLC coatings deposited with da/dc = 3/1 at 0 V 
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Figure 6.10 Wear damage by cavitation erosion of DLC coatings deposited with da/dc = 3/1  
at –250 V and –750 V 
Fig. 6.9 shows the surface damage of DLC coating deposited without bias. It was found that 
the surface area was increased with increasing the distance of sample from the sonotrode. Only 0.5% 
of surface area was destroyed when the distance was kept at 0.6 mm. However, the percentage of 
surface damage was raised more than 40 times when the distance was 0.65 mm as against 0.60 mm. 
With further increasing the distance from 0.65 mm to 0.70 mm, the damaged area was increased 
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from 23 % to 30%. 
Fig. 6.10 shows the percentage of surface damage by cavitation test of DLC coatings 
deposited at –250 V and –750 V. The effect of the distance of 0.65 mm and 0.70 mm on the surface 
damage was studied. It was found that more areas were destroyed with 0.70 mm than 0.65 mm for 
the same DLC coatings, but the difference was less than 10% when the distance was kept at 0.70 
mm as compared with 0.65 mm, according with the result shown in Fig. 6.9. Therefor, it was 
indicated that the surface damage (% of charged area) was increased with increasing the distance 
which was in a range of 0.60 mm ~ 0.70 mm. By comparing with 0.60 mm and 0.65 mm, 0.70 mm 
was the best choice to get more damaged area. 
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Figure 6.11 Wear damage by cavitation erosion of DLC coatings deposited with da/dc = 1/3 at 0 V 
According to Fig. 6.9 and Fig. 6.10, it was found that 0.7 mm as the distance was appropriate 
to produce a high ratio of damaged surface. The effect of amplitude on the surface damage of DLC 
coating deposited with da/dc = 1/3 at 0 V was shown in Fig. 6.11. The cavitation erosion was done 
with 0.7 mm distance from the substrate for 10 min, and the amplitude was varied in a range of 45% 
to 75%. For the amplitude of 45% - 50%, there was no surface disruption at the beginning of 30 s. 
However after 10 min cavitation charging, about 20% of surface area was destroyed. No material 
is available which withstands the attack of cavitation charging in the long run [38]. For higher 
amplitude (75%) worn surface was more than for lower amplitude of 45% and 50%. 
6. Parameters of analysis of Raman spectra and wear tests 
91 
 
 Conclusion 
DLC coatings, deposited with an anode-cathode diameter ratio of da/dc = 3/1 at a DC bias of  
0 V, –250 V and –750 V respectively, were used to study the influence of distance from the sample 
to the sonotrode and the amplitude on the cavitation erosion test. The damaged coating area was 
observed more or less after 30 s of cavitation charging in a range of 0.60-0.70 mm, on the contrary, 
there was no damage under the same test duration when the distance exceeded this range. 
Furthermore the surface damage (% of charged area) was increased with increasing the 
distance under this range. More areas of coatings were destroyed at 0.70 mm which parameter was 
suitable for DLC coatings deposited by vacuum arc. 
In addition, the effect of amplitude on the cavitation erosion test of DLC coating prepared 
with da/dc = 1/3 at 0 V was investigated. It was found that after the long test duration of 10 min the 
surface was destroyed no matter which amplitude was used in the range of 45% to 75%, although 
there was no damaged area observed after 30 s of cavitation charging. The different proportions of 
the surface damage were dependent on the test duration, under condition that other parameters 
were constant (e.g. distance and amplitude). When the test duration was kept at constant, the 
damaged surface area was increased with increasing the amplitude. It was indicated that 75% (25 
µm - 28 µm) as the amplitude was appropriate. As a result, 0.70 mm and 75% chosen as the 
distance and amplitude were suitable for DLC coatings deposited by vacuum arc in the 
experiments. 
6.4 Parameters of particle size distribution analysis 
 Ultrasound for deagglomeration 
During particles collection it is found that many particles in the deionized water are adsorbed 
onto the plastic container. When the glass container instead of plastic container is used, it’s better 
but the phenomena of adsorption still take place. In order to overcome this problem, the container 
made of Polytetrafluoroethylene (PTFE) called no-stick coating is the best choice due to the lower 
surface energy [39-40]. 
However, wear particles in the container are aggregated due to van der Waals forces and the 
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wetting angle of the solid-liquid interface, dependent on the properties of wear particles and 
solvent. Especially for nano-particles, they have strong tendency to agglomerate because of van 
der Waals forces acting over a reduced area and resulting in greater interparticle attraction [41]. 
Therefore, the particles need to be dispersed prior to the analysis of particle size distribution, 
unless one intends to measure the size distribution of the agglomerates. For efficient dispersion, 
adhesion bridges between the particles must be broken (without destroying the particles) and the 
particles must be evenly distributed in a fluid [42]. Wet preparation is advantageous in lowering 
the adhesion forces between particles [43]. In this work, the particles are suspended in deionized 
water. So the break-up of agglomerates can be assisted by the physical and chemical method. The 
physical method consists of stirring, shaking and ultrasound. Adding dispersion agents as the 
chemical method is also widely used in wet preparation. Dispersion agents adsorb on the particles’ 
surface, causing the wettability, zeta potential and van der Waals forces to be modified [44-46]. 
Here the deagglomeration is assisted by ultrasound for 2 min during the measurement of 
particle size distribution which has been proved by the following experiments. 
 Other parameters 
In some cases the optical properties of the particles, such as the refractive index n and the 
absorption index κ, must be known in order to apply laser light diffraction spectrometry 
successfully [47]. In addition, light diffraction in disperse systems not only depends on the 
material properties of the particles, the refractive index of the continuous phase nc is also important 
[42]. So the analysis conditions must be selected before measurement, e.g. the refractive indexes 
of the particles and continuous phase. The demineralized water with refractive index nc =1.333 is 
used as the continuous phase in this work. For wear particles of DLC coatings, there are two 
refractive indexes which can be chosen: carbon (1.920) and diamond (2.410). Finally 2 and 1.920 
are selected as the speed of the circulation and the refractive index of particles, respectively. 
 Experiments 
DLC coatings of sample 4 and sample 10 were deposited with an anode-cathode diameter 
ratio of da/dc = 1/1 at a DC bias of –500 V and –1000 V for 3 min. Ti as interface layer was 
deposited by cathodic vacuum arc evaporation. The wear particles of DLC coating were generated 
by tribological test with disc-on-disc and collected in deionized water in the PTFE container. The 
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wear particle size distribution was measured using a particle size analyzer Horiba LA-950 with 17 
channels per decade [48]. The speed of circulation was 2 unit. The volume cumulative distribution 
and the volume density distribution were chosen to characterize the size of particles. 
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Figure 6.12 Frequency distribution of sample 4 without ultrasonic with different refractive index: 1.920 of 
carbon (left) and 2.410 of diamond (right) 
Fig. 6.12 shows the frequency distribution of sample 4 with the different refractive index 
without ultrasonic. Left is with the refractive index of carbon (1.920) and right is with the 
refractive index of diamond (2.410). 
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Figure 6.13 Frequency distribution of sample 4 with 2 min-ultrasonic with different refractive index: 1.920 of 
carbon (left) and 2.410 of diamond (right) 
The results show that there was nearly the same particle size distribution in the range of 0.04 ~ 
200 µm where three peaks were distributed no matter which refractive index was used in Fig. 6.12. 
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Only slight difference existed in the peak height. It was found that the height of peak around 10 µm 
was a little higher with the refractive index of carbon than with diamond. By contrast, the value of 
peak about 1µm was higher with the diamond as the refractive index. However, the frequency 
distribution of ~100 µm did not vary with the refractive index. 
As discussed above, for larger particles, the frequency distribution of particle size was not 
influenced by the refractive index. The larger particles were from the agglomerate due to 
interparticle adhesion which was confirmed in Fig. 6.13. 
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Figure 6.14 Frequency distribution of sample 10 analyzed with the refractive index of carbon  
by (1) no-ultrasonic (2) 1 min-ultrasonic (3) 2 min-ultrasonic 
There was shown the frequency distribution of sample 4 assisted by 2 min-ultrasonic with 
different refractive index. It was found that the source of larger particles observed in Fig. 6.12 was 
from agglomerate which was broken by using 2 min-ultrasonic. Furthermore, Fig. 6.13 displayed 
the bimodal distribution in the range of 0.1 ~10 µm no matter which refractive index was used, but 
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show different peak values. It was difficult to choose which refractive index was appropriate for 
the DLC coatings. However, according to the ref. [49] it was reported that the refractive index of 
DLC was 1.8 ~ 2.2. So in the following experiments, the carbon’s refractive index 1.920 was used 
as the optical property of the particles in this work. 
By comparing Fig. 6.12 and Fig. 6.13, it was indicated that the ultrasonic is useful during 
analyzing the particle size distribution, whereas, it is also important to choose the appropriate 
time for ultrasonic. If different duration of ultrasonic is used, the different result can be obtained 
as shown in Fig. 6.14. When no any agents and method for disperse was used, the particle size 
was distributed in the range of 2 ~ 200 µm and a weak peak presented around larger particle size 
of ~100 µm (Fig. 6.14 (1)). 
When ultrasonic was utilized as the dispersion condition, the particle size distribution showed 
a downward tendency, which moved to smaller particles. Another peak appeared at the smaller 
size of about 1 µm when the particle size distribution was analyzed with 1min-ultrasonic (Fig. 6.14 
(2)). With increasing the time of ultrasonic from 1 min to 2 min, the broad peak at 10 ~ 100 µm 
vanished so that the whole particle size distribution was in the range of 0.4 ~ 10 µm (Fig. 6.14 (3)), 
which indicated that to use 1 min-ultrasonic was not enough to disperse the agglomerates 
completely. What’s more, it was found that with increasing the time of ultrasonic the ordinate 
value of frequency distribution was increased which resulted from the break-up of agglomerates 
causing the increase of smaller particles due to efficient disperse. 
 Conclusion 
DLC coatings were deposited with an anode-cathode diameter ratio of da/dc = 1/1 at a DC bias 
of –500 V and –1000 V respectively. The wear particles were produced by tribological test of 
disc-on-disc. For preventing from the phenomena of adsorption, PTFE container was used to 
collect the particles. The effect of parameters of particle size distribution analysis on the frequency 
distribution was investigated. The higher value of q3(x) was obtained at the maximal peak with the 
refractive index of carbon (1.920) than diamond (2.410) although other characters of these two 
curves were the same. 
During analyzing the particle size distribution, ultrasonic was necessary to disperse the 
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agglomerates. In order to make the particles evenly distributed in the water, the time for ultrasonic 
was also very important. By comparing with 1 min-ultrasonic, it was confirmed that with 2 
min-ultrasonic the agglomerates can be dispersed completely into the smaller particles. Therefore, 
the refractive index of carbon and 2 min-ultrasonic are the appropriate parameters of particle size 
distribution analysis in my work. 
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7. Influence of substrate bias on the particle size distribution 
of DLC coatings 
7.1 Anode-cathode diameter ratio of da/dc = 1/3 
The DLC coatings were deposited with an anode-cathode diameter ratio of da/dc = 1/3 and ion 
density of 7.163×10
11
 cm
-3 
at a DC bias of –250 V, –500 V, –750 V and –1000 V for 3 minutes 
each. The austenite stainless steel P2000 (see chapter 5.1) was used as substrate material for the 
deposition of carbon coatings. In order to improve the adhesion of DLC coating to substrate, Ti as 
interface layer was deposited by cathodic vacuum arc evaporation prior to the deposition of DLC 
coating. During the deposition of carbon coatings an arc current of 80 A and an arc voltage of 20 V 
were used. Each sample consisted of two P2000 discs, and each disc was coated with the same 
parameters. Si (100) wafer was marked on the surface with a marker for the purpose of film 
thickness measurement, and then also placed on the substrate holder with P2000 substrate. 
At the beginning, the work was just focused on the wear particle size distribution of DLC 
coatings. So in order to get the detail about the DLC coatings deposited, for example the density 
and deposition rate of DLC coatings, the experiments were done repeatedly. 
7.1.1 Density and deposition rate of DLC coatings 
In Fig. 7.1 the results of deposition rate and density as a function of bias voltage are shown. 
The deposition rate turned out to ascend with the bias, although it appeared to be lower at –750 V 
than at –500 V. When the bias was increased to –1000 V, more carbon atoms/ ions were deposited 
on the substrate so that the deposition rate was very fast and reached to the maximum value of 9.0 
nm/sec as Fig. 7.1 (a) shown. 
However, according to the curve of density with the bias in Fig. 7.1 (b), the DLC coating 
deposited at –1000 V had the lowest density. As can be seen in Fig. 7.1 (b) the density varied 
between 1.55 g/cm
3
 and 2.25 g/cm
3
 and with the bias increasing from –250 V to –750 V the 
density was gradually increased from 1.8 g/cm
3
 to 2.2 g/cm
3
, then decreased to 1.65 g/cm
3
 at 
higher bias of –1000 V. The results indicated that the negative bias can make the DLC coatings 
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denser and may cause the deposition rate ascend which was totally different compared to the 
results in Y.S. Park’s report [1,2]. Usually, the films became denser resulting from the increase of 
high ion impingement energies because it decreased voids from the penetration of the ions, which 
can result in the decrease of deposition rate [1]. 
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Figure 7.1 Deposition rate (a) and density (b) as a function of bias voltage 
However, according to the result obtained by Y.S. Park et al. [2], the DC bias voltage was in 
the range of 0~200 V and the deposition rate trended upwards slightly at –200 V. So it was deduced 
that the deposition rate maybe increased with increasing the bias from –200 V. What’s more, as Fig. 
7.1 (b) shows, with increasing the DC bias voltage from –250 V to –750 V not only there was no 
decreasing of deposition rate, but also the density of DLC coating was increased. In contrast to the 
density of coating at –750 V, the DLC coating had lower density at –1000 V. So the higher bias of 
–1000 V applied to the substrate, although it can improve the deposition rate, can influence the 
structure of DLC coatings. 
7.1.2 Raman spectra of DLC coatings 
Fig. 7.2 shows Raman spectra of DLC coatings at different DC bias voltage between –250 V 
and –1000 V. It appeared that there was no obvious changes in all the spectra, the same peak 
position, one broad peak at ~1580 cm
-1
 and one weak peak at ~ 1350 cm
-1
, assigned to G and D 
band (corresponding to sp
2
 sites), respectively. Another weak peak can be observed at ~ 1200 cm
-1
. 
Raman spectrum fitting (see Section 6.1) is used to analyze the structure of DLC coatings as 
shown in Fig. 7.3. Because two Gaussian curves are sometimes not suitable for all carbon coatings, 
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especially DLC coatings deposited by vacuum arc, so other features, such as the weak peaks at 
1100 ~ 1200 cm
-1
 and 1400 ~ 1500 cm
-1
, must be considered, except for G and D peaks present in 
Fig. 7.3. 
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Figure 7.2 Raman spectra of DLC coatings with DC bias voltage 
A linear background was subtracted before fitting the spectra with Gaussian curves. The 
Raman spectrum of DLC coatings deposited at different DC bias voltages was fitted very well 
using four peaks as seen in Fig. 7.3. The third peak, around 1400~1500 cm
-1
, decreased with 
increasing DC bias voltage, and disappeared when the bias was increased to –1000 V, which 
indicated G band became more symmetrical at –1000 V than at other bias voltages. 
Fig. 7.4 plots the peak positions and the intensity ratios of D and G band. The D band was 
around 1355 cm
-1
, in the range of 1350 ~ 1365 cm
-1
 when the DC bias was increased from –250 V 
to –750 V. And then it was shifted to higher frequencies up to 1400 cm-1 with the DC bias 
increasing to –1000 V. Another feature was the shift of G band from 1546 to 1554 cm-1. The G 
peak position was almost constant, especially at the bias of –500 V, –750 V and –1000 V, with a 
very slight tendency to increase with the DC bias voltage. But it was decreased comparing to G 
band of graphite at 1580 cm
-1
 due to increasing bond-angle and bond-bending disorder and the 
presence of nonsixfold rings softening the vibrational density of states (VDOS) [3, 4]. 
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Figure 7.3 Raman spectra fittings of DLC coatings with different DC bias voltage 
The ratio of ID/IG was increased with the DC bias voltage increasing and the minimum value 
was 0.63 at –250 V, corresponding to Fig. 7.3, which shows that DLC coating deposited using  
–250 V as the substrate bias had a higher sp3 content compared with other bias voltages. As the 
bias increases from –500 V to –1000 V, the intensity ratio of D and G band was almost constant, 
0.85~0.95. 
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Figure 7.4 Variation of D and G positions and ID/IG ratio as a function of DC bias voltage 
7.1.3 Tribological properties of DLC coatings 
Disc-on-disc tests (see chapter 6.2) are performed in the normal force of 80 N with the 
temperature of 21.5 °C in deionized water. Common relative speed is 0.01 m/s. After a running 
time of 0.5 h, all samples were worn. What’s more, the coating at the edge of all samples was 
peeled off more or less maybe due to the compressive stress of DLC coatings resulting from the 
thicker film. According to the ref. [5], with the thickness of film increasing from 3 nm to 50 nm the 
stress of films was increased first, then decreased slightly at thickness of  > 50nm. The 
compressive stress began to increase again at 190 nm, at which the film starts to delaminate. The 
samples deposited with an anode-cathode diameter ratio of da/dc = 1/3 had higher deposition rate 
as Fig. 7.1(a) shown. The films with the thickness of ~ 800 nm at least after 3 min deposition were 
much thicker than that in ref. [5]. 
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Figure 7.5 Friction coefficient of DLC coatings deposited at various DC bias voltages 
Fig. 7.5 shows the variation of the friction coefficient of DLC coatings as a function of DC 
bias voltage. It was observed that the coatings at the bias of –500 V and –750 V exhibited the lower 
friction coefficient of 0.02 ~ 0.04. The relatively higher coefficient of friction shown at the higher 
bias of –1000 V might be the influence of interface layer of Ti. This interpretation was based on 
the fact that after tribological test there was no DLC coating left around the wear track which just 
appeared on the surface of interface layer or the substrate, which indicated that the peeling-off 
coating was due to higher compressive stress resulting from the thicker coating. 
7.1.4 Particle size distribution of DLC coatings 
The graphical representation of particle size analysis data is shown in Fig. 7.6~7.8. Fig. 7.6 
shows the cumulative distribution Q3(x) with an anode-cathode diameter ratio of da/dc = 1/3 at a 
DC bias of –250 V, –500 V, –750 V and –1000 V. Each individual point of Q3(x) represents the 
relative amount of particles equal to or smaller than a certain particle size x. The results shown that 
almost 10% particles of coatings deposited at –250 V and –750 V were smaller than 10 µm, 
whereas 20% at –500 V and –1000 V. Nearly 50% particles were smaller than 50 μm (Fig. 7.6), 
and 90% smaller than 100 μm. 
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Figure 7.6 Cumulative distribution by volume Q3(x): comparison of substrate biases of –250 V, –500 V, –750 V 
and –1000 V (da/dc = 1/3) 
Fig. 7.7 is the curve of the volume density distribution as a function of particle size. The 
density distribution q3(x) which represents the amount of particles of a given particle size x, 
relative to the entire particle size distribution, can be obtained from 
3
3
( )
( )i
dQ x
q x
dx

         (7.1) 
The main peaks found in each of the curves are assigned to the modal values xmod. That means 
these particle sizes ~ 1, ~ 5, and ~ 50 µm occur most often when the DLC coatings were deposited 
at the bias of –250, –750 and –1000 V. There were two main peaks at the bias of –500 V, which 
means two maximums of the curve in the range of particle size distribution. With the bias 
increasing, the peak height at ~ 50 µm was decreased, from which can be estimated that it is 
possible to make the maximum of frequency distribution shift to lower than 10 µm, even 1µm at 
the higher bias. 
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Figure 7.7 Volume density distribution q3(x): comparison of substrate biases of –250 V to –1000 V 
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Figure 7.8 Particles size distribution: comparison of substrate biases of –250 V to –1000 V 
In order to get the details about the particle size distribution in the different interval size, the 
concentration histogram of particles was drawn in the different range of particle size (see Fig. 7.8), 
because amounts that fall within a given particle size interval were referenced to the interval size 
according to the formula (7.1). It was shown that all particles were distributed in the range of 0.45 
~ 300 µm, and the maximum concentration of particles was distributed in the larger range of 39.23 
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~ 58.95 µm and 58.95~88.58 µm. It was found that just only 10.5%, 16.8%, 8.1% and 21.2% of all 
particles were smaller than 11.57 µm when the bias was –250, –500, –750 and –1000 V, 
respectively, as also shown in Fig. 7.8. Few amounts of larger particles maybe came from the 
peeling-off films, another from the wear debris or impurity and contamination which was difficult 
to avoid. As discussed above, the DLC coating deposited at –250 V with the minimum ratio of 
ID/IG has the highest sp
3
 content, however almost 90% of all particles generated are larger than 
11.57 µm. 
7.1.5 Conclusion 
The DLC coatings were deposited on P2000 substrates with Ti as interface layer by vacuum 
arc method with an anode-cathode diameter ratio of da/dc =1/3. Although all samples deposited at 
different negative bias take place the same delamination phenomenon after 0.5 h-tribological 
testing, the negative bias applied to the substrate has effect on the structure and properties of DLC 
coatings. It can improve the deposition rate and the density of coatings. The DLC coating 
deposited at –250 V had the lowest value of ID/IG, but the density was just about 1.8 g/cm
3
. At a 
bias of –500 V and –750 V, the density reached the range of 2.00 g/cm3 ~ 2.25 g/cm3 and the 
lowest friction coefficient of 0.02 ~ 0.04. When the bias was increased to –1000 V, the DLC 
coating had the lowest density, higher ratio of ID/IG and highest friction coefficient compared with 
films deposited at other biases. Meanwhile, the wear particle size distribution was influenced by 
the negative bias. With increasing the bias the maximum of frequency distribution of wear 
particles had the trend towards the smaller particle of ~ 10 µm. It has been estimated that the peak 
around ~ 50 µm in frequency distribution of wear particles would disappear when the DLC 
coatings were deposited at higher negative bias of > 1000 V. These results show that by varying the 
process parameters especially DC bias during DLC deposition the properties and the wear 
particles size distribution of DLC coatings can be modified. 
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7.2 Anode-cathode diameter ratio of da/dc = 1/1 
The DLC coatings were deposited with an anode-cathode diameter ratio of da/dc = 1/1 and ion 
density of 1.47×10
12
 cm
-3
 at a DC bias of –250 V, –500 V, –750 V and –1000 V for 3 minutes each. 
During the deposition an arc current of 80 A and the arc voltage of 20 V were used. Each sample 
consisted of two discs (P2000 with titanium), and each disc was coated with the same parameters. 
At the beginning, the focus lays on the wear particle size distribution of DLC coatings. So in 
order to get the details about the DLC coatings deposited, for example the density and deposition 
rate of DLC coatings, the experiments were done repeatedly. 
7.2.1 Density and deposition rate of DLC coatings 
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Figure 7.9 Deposition rate (a) and density (b) as a function of bias voltage 
Fig. 7.9 shows the different deposition rate and density of DLC coatings on the various DC 
bias voltages at the condition of working pressure of 2×10
-4
 mbar. The results showed clearly that 
the deposition rate decreased with increasing DC bias voltage from –250 V to –500 V, then slightly 
increased at the bias of –750 V. However when the bias reached to the highest voltage of –1000 V, 
the deposition rate reached the minimum value. 
The plasma sheath expands from the substrate after a short period of the negative DC bias 
voltage [2]. As a result, ion flux from the plasma to the substrate decreases abruptly [6]. This 
behavior resulted in the decrease of the flux from the plasma and as a consequence the deposition 
rate decreases. 
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What’s more, it was found that the density was in a range of 1.6 g/cm3 ~ 3.1 g/cm3. With 
increasing the bias the density was increased to the maximum at the bias of –750 V, decreased to 
the minimum of 1.8 g/cm
3
 when the bias reached to the maximum of –1000 V. Usually, with 
increasing the DC bias the deposition rate decreases, which means the coating becomes denser. 
Because the bias applied to the substrate can improve the nucleation density and provide mobility 
to the atoms/ions being deposited so that dense and void free films are deposited. That means, the 
density should be the maximum when the deposition rate decreases to the minimum at the bias of –
1000 V. However, here the result is definitely contrary. It seems that high bias will cause repulse 
adsorption of carbon ions which result from the large charge accelerating toward to the substrate 
due to higher bias. 
7.2.2 Raman spectra of DLC coatings 
Fig. 7.10 shows the Raman spectra of DLC coatings deposited with various DC bias voltages 
and the corresponding peak positions of D and G and the ratio of ID/IG (b) after the Raman 
deconvolution as shown in Fig. 7.11. A linear background was subtracted before fitting the 
spectra. Although the visible Raman spectra of DLC films mainly come from the ordering of the 
sp
2
 bonded carbon in the films and only indirect from the sp
3
 fraction in the films, it can be applied 
in a restricted range of film properties to derive information about the sp
3
/sp
2
 ratio. The 
applicability of the Raman spectroscopy was proven by comparison with different analytical 
methods which determine the sp
3
/sp
2
 ratio more directly like electron energy loss and NMR 
spectroscopy [7]. Especially the three stage model by Ferrari and Robertson is a very well 
accepted and helpful method to estimate the sp
3
/sp
2
 ratio in the carbon films from the G peak 
position and the ID/IG ratio taken from visible Raman spectra [8]. 
The spectra show two broad peaks, at approximately 1560 cm
-1
 and 1360 cm
-1
, attributed to 
G-band and D-band, respectively. The G and D peaks are due to sp
2 
sites only. Another weak peak 
was found around 1000 cm
-1
 ~ 1200 cm
-1
. 
 110 
800 1000 1200 1400 1600 1800 2000
0
1000
2000
3000
 
 
 
 
In
te
n
s
it
y
 (
a
.u
.)
Raman shift (cm
-1
)
-250 V
800 1000 1200 1400 1600 1800 2000
0
1000
2000
3000
4000
5000
-500 V
 
  
 
In
te
n
s
it
y
 (
a
.u
.)
Raman shift (cm
-1
)
800 1000 1200 1400 1600 1800 2000
0
500
1000
1500
2000
2500
3000
3500
-750 V
 
  
 
In
te
n
s
it
y
 (
a
.u
.)
Raman shift (cm
-1
)
800 1000 1200 1400 1600 1800 2000
0
1000
2000
3000
4000
-1000 V
 
 
 
 
In
te
n
s
it
y
 (
a
.u
.)
Raman shift (cm
-1
)  
Figure 7.10 Raman spectra fittings of DLC coatings with different DC bias voltage 
Raman spectrum fitting is used to measure the intensity ratio of the D and G bands in order to 
analyze the sp
3
/sp
2
 ratio of DLC coatings. Usually two Gaussian functions for the G peak are 
widely used in most papers [7, 9-10]
 
just focusing on the G and D peaks. In paper [9], the 
researchers neglected other features that are sometimes present, such as those at 1100 cm
-1
 ~ 1200 
cm
-1
 and 1400 cm
-1
 ~ 1500 cm
-1
. Comparing with different Raman spectra fittings using two 
peaks, three peaks and four peaks in chapter 6.1, it was found that Raman spectrum with four 
peaks could be fitted very well. So other peaks present in Fig. 7.10 around 1100 cm
-1
 ~ 1200 cm
-1
 
and 1400 cm
-1
 ~ 1500 cm
-1
, must be considered. A Gaussian fit of the D and G peak positions and 
the ratio of ID/IG are shown in Fig. 7.11. 
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Figure 7.11 Variation of D and G positions and ID/IG ratio as a function of DC bias voltage 
Variation of the D, G peak positions and ID/IG ratio with DC bias voltage between –250 V and 
–1000 V can be described obviously as a curve of “V”. It was observed that the G peak frequency 
downshifted to lower than 1580 cm
-1
 and G band is in the range of 1553 cm
-1
 ~ 1567 cm
-1
, because 
the weak bonds caused by the topological disorder introduced to the graphite layer soften the 
vibrational modes. With DC bias voltage increasing to –500 V the G peak positions and the 
intensity ratios of the D and G bands all decreased to the lowest value at 1553 cm
-1
 and 0.3, 
respectively. This indicates that higher content of sp
3
-bonded carbon can be obtained when the 
DLC coating is deposited at –500 V compared to other bias voltages. Then, with increasing the DC 
bias voltage from –500 V to –1000 V, it was found that the G peak position and ID/IG increased at 
–750 V but at a lower level than at –250 V. However, there was no obvious change of values at a 
bias of –750 V and –1000 V. 
As known, the sp
3
/sp
2
 ratio is an important parameter for DLC studies, and it is related to the 
peak positions and the ratio of ID/IG. The intensity of D peak, correlated with the breathing modes 
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of rings, is proportional to the number of sp
2
-clusters of graphite. It can be confirmed that with DC 
bias increasing from –250 V to –500 V, the cluster size and number decreased which resulted in 
the decrease of the peak positions and the intensity ratio of the D and G bands, which was in 
accord with the result reported by Irmer [7]. 
According to a phenomenological three-stage model [8,9] used to interpret the Raman 
spectra of amorphous carbons, the coatings deposited belong to stage 2: from nano-crystalline 
graphite to a-C. 
7.2.3 Tribological properties of DLC coatings 
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Figure 7.12 Roughness (Ra) (a), friction coefficient (b) and wear rate (c) of DLC coatings deposited at various 
DC bias voltages 
Fig. 7.12 presents the experimental results of average roughness (Ra), coefficient of friction 
and wear rate as a function of substrate bias voltage. The friction coefficient and wear rate of the 
film was measured by a tribometer with the temperature of 21.5 °C in deionized water. Fig. 7.12 
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shows lowest surface roughness of 30 nm at –500 V, however, higher friction coefficient. It was 
found that the surface roughness has a maximum of 135 nm at –1000 V, but the lower friction 
coefficient. 
According to the references [11-13], the coefficient of friction depends on the force applied 
and the surface energy, in addition the surface roughness values are inversely related to the 
average friction coefficient. The same results which had the lowest Ra value and highest 
coefficient of friction were illustrated by Zhang et al. [11]. 
The friction coefficient varied between 0.03 and 0.07. It decreased with increasing bias to a 
minimum of 0.035 at –750 V, and then increased to 0.04 at higher bias (–1000 V). It was observed 
that the wear rate presented the same change trend with the friction coefficient as Fig. 7.12(b) and 
(c) show. 
With increasing the bias the wear rate was reduced. The DLC coating deposited at –750 V has 
the lowest wear rate, which is very important in the application of hip joint implants. Actually, the 
tribological properties of a given coating do not only depend on the coating itself, but also on the 
surroundings, e.g. lubricated environment, load, velocity and so on. So in these experiments load 
of 100 N and speed of 0.01 m/s were chosen. For the sample deposited at –750 V, after a running 
time of 5 h, there was no wear track. In an attempt to get the wear particles, the load and velocity 
were increased to 120 N and 0.06 m/s, respectively, but still no wear track after 10 h. Finally, the 
additional tests were carried out at the load of 300 N and the velocity of 0.1 m/s for 55 h, the color 
of DLC coating became dark but no delamination observed. According to the Fig. 7.9 (b) it had the 
highest density of 3.03 g/cm
3
, which was close to 3.1 g/cm
3
 of ta-C coating reported in ref. [14-16]. 
It was confirmed that the DLC coating deposited at the bias of –750 V has good tribological 
properties. 
7.2.4 Particle size distribution of DLC coatings 
As described above, the deposition parameters e.g. DC bias voltages had an effect on the 
DLC coating structures. Therefore it is very important to study the effect of bias on the particles 
size distribution. The wear particles were collected in suspension in deionized water, then 
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measured using a particle size analyzer. Here the volume cumulative distribution and the volume 
density distribution were chosen to characterize the size of particles. The graphical representation 
of particle size analysis data is shown in Fig. 7.13~7.14. The curve plotted in Fig. 7.13 shows the 
density distribution of the particles size of DLC coatings after tribological tests. The curve plotted 
in Fig. 7.14 shows the concentration of particles collected in different size distribution. 
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Figure 7.13 Volume density distribution q3(x): comparison of substrate biases of –250 V to –1000 V 
Fig. 7.13 showed that all particles generated were distributed in the range of 0.3 µm to 10 µm 
and there were two maximums of each curve in the range of particle size distribution. However, 
the maximum in Fig. 7.13 does not mean that the large amount of particles was distributed in this 
range, because the frequency distribution in Fig. 7.13 has the dimension of an inverse length. 
Amounts that fall within a given particle size interval were referenced to the interval size. 
It was found that almost 80 % of all particles were smaller than 6 µm (Fig. 7.14). All samples 
showed the highest concentration at the same particle size distribution of 3.41 to 5.12 µm (Fig. 
7.14), not around ~1 µm as to be seen in Fig. 7.13. The frequency distribution of particles reached 
the maximum when the bias voltage was at –1000 V, the minimum at –250 V, presenting the 
converse curve of “V” (see Fig. 7.12 (b)). At DC bias voltages of –250 V and –750 V, the largest 
amount of particles was found at > 5.12 μm, while, on the contrary, at –500 V and –1000 V it was 
distributed in a range < 5.12 μm. It was obviously shown that the concentration of particles at –
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1000 V was distributed more equally in a whole range. 
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Figure 7.14 Particles size distribution: comparison of substrate biases of –250 V to –1000 V 
7.2.5 Conclusion 
The DLC coatings were deposited on P2000 substrates with Ti as interface layer by vacuum 
arc method with an anode-cathode diameter ratio of da/dc = 1/1. The effect of DC bias voltage on 
the distribution of wear particle size generated by disc-to-disc tests was investigated. Disc-on-disc 
testing at the load of 100 N was found to produce sufficient amount of wear particles to determine 
particle size contribution. The lowest friction coefficient of 0.035 was attained at a bias of –750 V. 
The DLC coating deposited at –500 V has the lowest Ra and higher sp3 content. All particle size 
distributions were in a range of 0.3 µm to 10 µm and most of the particles appeared around 3.41 
µm to 5.12 µm. With increasing bias from –250 V to –1000 V the wear particle size decreased and 
the largest amount of particles was smaller than 5.12 µm. For medical reasons it is necessary to 
adjust the structure of DLC coatings and wear particle size distribution. These results show that by 
varying the process parameters during DLC deposition the properties and wear particles size 
distribution can be modified. 
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7.3 Anode-cathode diameter ratio of da/dc = 3/1 
Discs as substrates, the diameter of 31 mm and thickness of 4 mm, were made of stainless 
steel (P2000). Titanium was chosen to be as interface layer better than chromium to improve the 
adhesion of the DLC film to P2000. The interface layers were synthesized using titanium cathode. 
The DLC coatings were deposited at different DC biases using an anode-cathode diameter ratio of 
da/dc = 3/1. A more detailed list of deposition process parameters is given in Table 7.1. Here, in the 
first group experiments, the bias of –700 V was used instead of –750 V. 
Table 7.1 Deposition process parameters of DLC coatings of da/dc = 3/1 
Ion density 2.59×10
12
 cm
-3
 
Arc voltage 20 V 
Arc current 80 A 
Deposition pressure 2×10
-3
 mbar 
Deposition time 3 min 
Substrate bias voltage –250 V, –500 V, –750 V (–700V), –1000 V 
 
7.3.1 Density and deposition rate of DLC coatings 
 
Figure 7.15 Deposition rate (a) and density (b) of DLC coatings deposited at various DC bias voltages 
-250 -500 -750 -1000
0.0
0.5
1.0
1.5
2.0
2.5
3.0
D
e
p
o
s
it
io
n
 r
a
te
 (
n
m
/s
e
c
.)
 DC bias voltage (V)
(a) 
-250 -500 -750 -1000
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2
D
e
n
s
it
y
 (
g
/c
m
3
)
 DC bias voltage (V)
(b) 
da/dc = 3/1 da/dc = 3/1 
7. Influence of substrate bias on the particle size distribution of DLC coatings 
117 
 
Fig. 7.15 shows different deposition rate and density of DLC coatings grown with da/dc = 3/1 
at different DC bias voltage. It was found that with increasing bias from –250 V to –1000 V the 
deposition rate was increased to the maximum of 2.4 nm/sec at –700 V, then decreased to 1.8 
nm/sec at –1000 V, which indicated that more carbon ions are accelerated to the substrate with the 
increase of the negative bias voltage. However, when the bias increased to the higher level (–1000 
V), accompanied by the higher energy, the energy of the bombarding ions on the substrate 
increased, which resulted in resputtering of the growing films and decrease of deposition rate. 
In Fig. 7.15 (b), it was shown that at –500 V the density of coating reached the maximum of 
2.09 g/cm
3
 with the deposition rate of 1.2 nm/sec, then began to reduce to 1.0 g/cm
3
 with the bias 
increased to –1000 V. This indicated that the certain bias supplied to the substrate provides 
mobility of the atoms / ions being deposited so that dense DLC coatings were deposited. At higher 
bias the density of film decreased. The results confirmed that the bias voltage could affect the 
number of carbon ions arriving on the surface and the properties of DLC coatings, which was in 
accordance with the report of Jin-Bao Wu [17]. 
7.3.2 Raman spectra of DLC coatings 
Fig. 7.16 (a) shows the Raman spectra of the DLC coatings deposited at various DC bias 
voltage with an anode-cathode diameter ratio of da/dc = 3/1. It was found that there were two main 
peaks: one broad peak at 1580 cm
-1
 and another weak peak around 1350 cm
-1
, assigned to G band 
and D band, respectively. These two peaks are due to sp
2
 sites only. The visible Raman 
spectroscopy is more sensitive to the sp
2
 than to sp
3
 phase (50 ~ 250 times for 514.5 nm) [8]. 
It was shown that the width of G band broadened with increasing the bias. That was 
accompanied by the decreasing of the peak height. Fig. 7.16 shows great differences in the Raman 
peak intensity with different DC bias. The peak intensity decreased with increasing bias from –250 
V to –700 V, then increased when the bias voltage increased to –1000 V, which had the contrary 
tendency with the deposition rate as a function of bias voltage (seen in Fig. 7.15 (a)). That was not 
accordant with the report of Varanasi et al. in the reference [18]. Varanasi proposed a method for 
measuring the thickness of carbon coatings on sliders using the Raman band intensity, because the 
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Raman peak intensity was proportional to the thickness of DLC coatings (seen in Fig. 7.16 (b)). 
 
Figure 7.16 Raman spectrum of (a) the DLC coatings deposited at various DC bias voltage and (b) the 
sputtered DLC coatings deposited with different thicknesses (Varanasi et al. [18]) 
However, here the Raman intensity was different due to the bias voltage supplied to the 
substrate which influences the properties of DLC coatings as Fig. 7.15 and Fig. 7.16 (a) shown. By 
comparing with Raman spectrum in Fig. 7.16, it seemed that the Raman intensity was directly 
dependent to the DLC coating properties. 
Other features, such as at ~ 1200 cm
-1
 and ~ 1450 cm
-1
, although they are some minor 
modulations, are present and should be considered in order to fit the spectrum very well. In 
previous study [19], Raman spectrum that was reported could be fitted very well using 
four-Gaussians (~ 1100 cm
-1
, ~ 1350 cm
-1
, ~ 1400 cm
-1
 and ~ 1580 cm
-1
). Here the same method 
of Raman spectrum fitting was used (see Fig. 7.17), and the corresponding information after a 
Gaussian fit, for example D and G positions and the ratio of ID/IG, was shown in Fig. 7.18. 
In Fig. 7.17, a linear background was subtracted before fitting the spectra. These four peaks 
were assigned at 1350 cm
-1
 ~ 1370 cm
-1
 for D peak, 1545 cm
-1
 ~ 1560 cm
-1
 for G peak, which was 
obviously different from the true graphitic G peak at about 1582 cm
-1
. However, according to the 
report of Tarrant et al. [20] a peak at 1550 cm
-1
 was referred to as the amorphous carbon “A peak”. 
The position and the width of the Gaussian A peak seems to be largely determined by the range and 
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population of non-hexagonal sp
2
 bonded groupings. Another two peaks at ~ 1150 cm
-1
 and ~ 1450 
cm
-1
 due to the origin of peaks in nano-crystalline diamond [21]. Until now the assignation of the 
observed peaks, especially for those weak peaks, is still not clear, so it is the subject of future 
studies. 
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Figure 7.17 Fitted Raman spectrum of the DLC coatings deposited at various DC bias voltages 
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Figure 7.18 Variation of D position, G position and ID/IG ratio with DC bias voltage 
The crucial property of interest in DLC is the sp
2
/sp
3
 fraction which is related to the ID/IG ratio 
obtained after a Gaussian fit. Fig. 7.18 shows the D, G position and the relative intensity ratio of D 
and G peaks. Usually there are two ways to calculate the intensity ratio of D and G band: the ratio 
of the peak heights or peak areas. Here is referred to ID/IG as the ratio of peak heights. As Fig. 7.18 
shows with increasing the bias, the ratio of ID/IG was increased first and reached to the maximum 
of 0.75 at –500 V, then decreased to the minimum of 0.4 at –1000 V. The ratio of sp2/sp3 was 
increased with decreasing ID/IG ratio. That means the DLC coating deposited with da/dc = 3/1 at 
–1000 V had the highest sp3 content because of the minimum ratio of ID/IG. 
The G peaks at the higher bias (> 500 V) were much broader (seen in Fig. 7.16), but shifted to 
lower frequencies from 1560 cm
-1
 to 1545 cm
-1
 with increasing the bias voltage (seen in Fig. 7.18) 
due to a series of defects (bond disorder) and the presence of sp
3
 sites into structures which softens 
the vibrational density of states (VDOS) resulting from finite-crystal-size effects. The broadening 
of peaks was also correlated to a distribution of clusters with different orders and dimensions [9]. 
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7.3.3 Tribological properties of DLC coatings 
Fig. 7.19 shows the roughness Ra and friction coefficient of DLC coatings deposited with 
da/dc = 3/1 as a function of DC bias voltage. The value of Ra was the average roughness after 
testing at three different positions of each sample. The lowest surface roughness of 30 nm was 
obtained at –250 V. When the bias increased to –500 V, Ra reached the maximum which indicated 
the surface was the roughest. It was found that with increasing the bias from –500 V to –1000 V the 
roughness decreased linearly to 70 nm (see Fig. 7.19 (a)). 
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Figure 7.19 Roughness (Ra) (a) and wear rate (b) of DLC coatings deposited at various DC bias voltages 
Fig. 7.19 (b) shows that the friction coefficient decreased gradually from 0.08 to 0.045 with 
increasing the bias. Although the DLC coating deposited at the bias of –250 V had the lowest Ra of 
30 nm, it had the largest coefficient of friction comparing it with other bias. During the tribological 
testing, for the coating deposited at the bias of –250 V, the wear track can be seen easily with the 
load of 50 N and the velocity of 0.01 m/s after one hour-testing. However, when the bias was 
increased to –500 V, –700 V and –1000 V, the load of 50 N was so low that no wear track was 
observed few hours later. Then the load and the time of testing must be increased to 120 N and 20 
h, respectively. The surface of coating was destroyed just for DLC coatings deposited at –500 and 
–1000 V. Even using the same tribological parameters of 120 N, 0.01 m/s and 20 h, there was no 
sign of wear for the coating deposited at –700 V. The velocity was up to 10 cm/s, the particles were 
obtained after 5 h. It was confirmed that with increasing the bias the hardness of coating was 
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improved which resulted from lower ratio of ID/IG (the higher sp
3
 content) at higher bias as shown 
in Fig. 7.18. 
7.3.4 Particle size distribution of DLC coatings 
The wear particles were generated by a disc-on-disc test and collected in suspension in 
deionized water. The properties of particles depend strongly on their size and shape which can be 
observed by SEM after filtering with a membrane of 0.2 µm pore size, drying and sputtering (seen 
in Fig. 7.20). The morphology of the original membrane without particles is shown in Fig. 7.20 (a). 
Compared with Fig. 7.20 (a), it is shown in Fig. 7.20 (b) that particles with different size and 
irregular shape are distributed on the filter membrane, consisting of smaller particles (< 1µm) and 
the wear debris of about 75 µm. It was difficult to evaluate the particle size distribution by SEM 
because of mainly irregularly shaped particles. The characterization of the particle size distribution 
varies depending on the measurement method used. 
   
Figure 7.20 SEM images of (a) original filter membrane and (b) typical particles on filter membrane 
Here the volume density distribution q3(x) was chosen to characterize the size of particles, 
which represents the amount of particles of a given particle size x relative to the entire particles 
size distribution, as shown in Fig. 7.21. 
The modal value xmod, the particle size at which the density distribution q3(x) exhibits a 
maximum, can be obtained by the particle collective from the measured size distribution q3(x). Fig. 
7.21 shows that when the DLC coatings were deposited with da/dc = 3/1, the wear particles 
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collected were in the range of 0.3 µm to 200 µm. It was found that there were two peaks in volume 
density distribution no matter which bias was applied. One peak was distributed at ~ 1 µm (x1mod), 
another was at ~ 50 µm (x2mod). That means the most particles were distributed in the range of 
smaller particles and larger particles. 
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Figure 7.21 Volume density distribution q3(x) at the DC bias from –250 V to –1000 V  
with the anode-cathode diameter ratio of da/dc = 3/1 
In Fig. 7.21, it was observed that two peak heights, representing the density distribution of 
x1mod and x2mod, q3(x1mod) and q3(x2mod), respectively changed with the bias. Fig. 7.21 showed that  
the curve had the same tendency with the bias. The maximum of the curve was shifted from ~ 50 
µm to ~ 1 µm when the bias was increased from –250 V to –1000 V. 
The relative density distribution ratio of x2mod and x1mod is shown in Fig. 7.22. In there, it was 
obviously observed that the ratio of q3(x2mod) and q3(x1mod) decreased from 1.5 to 0.1 regularly 
with increasing bias from –250 V to –1000 V as a curve of Bezier, which indicated that the 
maximum of the frequency distribution can be shifted to below 1 µm at higher bias. According to 
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Bezier curve equation, I tried to get the approximation of bias at which the q3(x2mod)/q3(x1mod) 
ratio eventually nears zero. It was found that the wear particle size could be reduced and the 
frequency distribution would be downshifted to below 1 µm when the bias is about –1100 V (see 
red plotted line in Fig. 7.22). 
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Figure 7.22 Variation of q3(x2mod)/q3(x1mod) ratio with DC bias voltage 
7.3.5 Conclusion 
Amorphous carbon (a-C) films were synthesized on P2000 substrates by vacuum arc 
technique using an anode-cathode diameter ration of da/dc = 3/1 with the application of a DC bias 
to the substrate from –250 V to –1000 V. The most typical wear particles were irregular and 
composed of smaller particles (even < 1µm) and a few debris about ~ 75 µm. The influence of da/dc 
and the substrate bias on the wear particle size distribution were investigated. The roughness and 
density of a-C films increase first then decrease with DC bias voltage. A lowest surface roughness 
of 30 nm at –250 V and the high value of density (2.09 g/cm3) at –500 V are obtained. The lowest 
friction coefficient of 0.045 can be obtained with increasing the bias to –1000 V. The wear particle 
size of a-C coatings deposited with da/dc = 3/1 is distributed in the range of 0.3 µm to 200 µm. 
There are two peaks in the curve of the frequency distribution. The maximum of the frequency 
distribution can be downshifted gradually with increasing bias, below 1 µm at –1000 V. It is 
estimated that all wear particles can be distributed in the range of ~ 1µm when the bias was 
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increased approximately to –1100 V. 
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8. Influence of da/dc on the particle size distribution of DLC 
coatings 
As discussed in chapter 2.3.1, there are mainly two types of the arc discharge: cathodic arc 
and anodic arc. Additionally, these two kinds of arc will transfer each other from the cathode to the 
anode or from the anode to the cathode. In ref. [1] this transfer mode was discussed and the mass 
difference of each electrode before and after deposition was plotted in Fig.8.1. 
 
Figure 8.1 Electrodes mass flow as a function of the vacuum arc mode [1] 
It was found that the transfer mode of da/dc = 1/3 was called anodic because the weight of the 
cathode before deposition was much more than after deposition which indicated much anode 
material was evaporated and the cathode electrode was covered by the anode material after 
deposition at this mode. With increasing the diameter ratio of da/dc more cathode electrode was 
evaporated. However, the anode material was reduced more or less no matter which mode was 
used even da/dc = 3/1. 
In O. Filipov’s doctoral thesis [1], the influence of transition between the cathodic and anodic 
arc in the deposition of DLC coatings on the ion energy and ionization was investigated in detail. 
In this work, all DLC coatings were deposited by vacuum arc adjustable from anodic to cathodic 
operation mode by varying the anode-cathode diameter ratio of da/dc with 1/3, 1/1 and 3/1. The ion 
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density varied with the ratio of da/dc, was 7.163×10
11
, 1.47×10
12
 and 2.59×10
12
, corresponding to 
1/3, 1/1 and 3/1, respectively. In this section, the influence of da/dc on the properties and particle 
size distribution of DLC coatings were studied when the substrate bias was constant. 
8.1 Substrate bias at –250 V 
8.1.1 Density and deposition rate of DLC coatings 
The DLC coatings were deposited at –250 V for 3 min with the anode-cathode diameter ratio 
of 1/3, 1/1 and 3/1. After deposition, the density and deposition rate were calculated by the weight 
and the film thickness as shown in Fig.8.2. It was found that the density of the DLC coating 
reached to the maximum of about 2.2 g/cm
3
 at da/dc = 1/1, and the value of density was reduced 
with increasing anode-cathode diameter ratio to 3/1. The deposition rate as a function of da/dc 
showed the decreasing trend with increasing the diameter of anode electrode. At the diameter ratio 
of 1/3, more DLC coatings with the density of about 1.8 g/cm
3
 were deposited on the substrate. 
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Figure 8.2 Density and deposition rate of DLC coatings deposited at –250 V with different da/dc 
8.1.2 Raman spectra of DLC coatings 
Raman spectra of DLC coating deposited at –250 V with different da/dc were shown in 
Fig.8.3. It was found there were two broad peaks at about 1575 cm
-1
 and 1355 cm
-1
, assigned to G 
and D band. According to four-peak fitting with full Gaussian function discussed in chapter 6.1, 
after fitting the values of G peak position, ID/IG, as well as FWHM (G) were obtained (see Table 
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8.1). Besides D and G peaks, there were another two weak peaks: ~ 1150 cm
-1 
and ~ 1450 cm
-1
 
which were attributed to the grain boundaries of nano-crystalline samples and not related to 
sp
3
-bond carbon [2-4]. It was shown in Fig.8.3 the G peak intensity increased with increasing da/dc. 
As Table 8.1 shows, G peak shifted down lower than 1575 cm
-1
 resulting from introduction of the 
bond disorder. 
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Figure 8.3 Raman spectrum of DLC coatings deposited at –250 V with different da/dc 
Table 8.1 Variation of G position, FWHM and the ID/IG ratio of DLC coatings deposited  
at –250 V with different da/dc 
da/dc G position / cm
-1
 ID/IG FWHM (G) 
1A/3K 1546 0.64 188 
1A/1K 1567 1.2 162 
3A/1K 1559 0.55 163 
Combined with the value of FWHM (G) caused by bond angle and bond length distortions, it 
was found that with increasing the diameter ratio from 1/3 to 1/1 the FWHM decreased. When the 
diameter ration was raised to 3/1, the value was nearly constant comparing with 1/1. It was 
indicated DLC coating deposited with da/dc = 1/3 at –250 V had most of bond length and bond 
angle disorder. Although the value of FWHM was the same at 1/1 and 3/1, the intensity ratio of D 
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and G peaks was totally different. When DLC coating was deposited with 3/1, the Raman 
spectrum had the higher and sharper G peak as shown in Fig.8.3 (blue curve) by comparing with 
other Raman spectra in Fig. 8.3. That’s because the defect of not only bond disorder was 
introduced, but also clustering of the sp
2
 phase which resulted in decreasing the D peak height and 
increasing its width. 
8.1.3 Particle size distribution of DLC coatings 
The anode-cathode diameter ratio of da/dc also influenced the wear particle size distribution 
of DLC coatings. The frequency distribution of wear particle size generated by tribological test 
using a disc-disc setup is shown in Fig. 8.4. 
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Figure 8.4 Volume density distribution q3(x) at –250 V with different da/dc 
Fig. 8.4 (left) shows great differences in particle size distribution resulting from the varied 
anode-cathode diameter ratio. When DLC coatings were deposited with da/dc = 1/1, all particles 
generated are in the range of 0.3 µm ~ 10 µm, smaller than the range of 0.45 µm ~ 300 µm 
obtained with da/dc = 1/3 and 3/1. Additionally, it was observed obviously that the value of 
ordinate (frequency distribution q3(x)) with 1/1 was larger than that with 1/3 or 3/1. That means, 
when DLC coatings were deposited at –250 V with da/dc = 1/1 the amount of generated particles of 
a given particle size were more than that of particles using 1/3 or 3/1. Actually, these results were 
not just for the coatings deposited at –250 V, but also suitable for coatings deposited at other 
substrate biases, e.g. –500 V, –750 V and –1000 V shown in the following sections. 
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In order to disguise the volume density distribution of coatings deposited with 1/3 and 3/1, 
another figure was drawn in Fig. 8.4 (right). It was observed that with the smaller da/dc (1/3) the 
whole frequency distribution downshifted and it had larger amount of particles, comparing with 
the larger da/dc (3/1), furthermore, there were three peaks in the whole range. However for the 
coatings with the larger anode-cathode diameter ratio of 3/1, the curve plotted in Fig. 8.4 (right) 
show the bimodal distribution, and the particles produced were not too much. 
8.1.4 Conclusion 
The DLC coatings were deposited at –250 V with the anode-cathode diameter ratio of da/dc = 
1/3, 1/1 and 3/1. When the diameter ratio of 1/1 was used, the particle size distribution was in the 
range of 0.3 µm ~ 10 µm, moreover, the deposited DLC coating had the highest ID/IG of 1.2 
although it had the maximum density of 2.2 g/cm
3
. For the DLC coating deposited with da/dc = 1/3 
or 3/1, the wear particles generated were distributed in the broad range of 0.45 µm ~ 300 µm, and 
two peaks appeared at smaller size of ~ 1µm and the larger size of ~ 50 µm. For da/dc = 1/3, two 
peak heights were nearly the same and the DLC coating with the density of ~ 1.8 g/cm
3
 had the 
smaller ID/IG of 0.64 compared with 1.2 of da/dc = 1/1. However, the deposition rate for da/dc = 1/3 
reached to the maximum of about 5 nm/sec. With increasing the anode-cathode ratio to 3/1, the 
amount of wear particles generated was decreased and the peak height at larger size was higher 
than that at smaller size. In addition, the DLC coating deposited with da/dc = 3/1 had the minimum 
of 1.3 g/cm
3
, but the ratio of ID/IG was smallest value of 0.55. 
8.2 Substrate bias at –500 V 
8.2.1 Density and deposition rate of DLC coatings 
The DLC coatings were deposited at –500 V with the anode-cathode diameter ratio of 1/3, 1/1 
and 3/1 for 3 min, respectively. After deposition, the density and deposition rate obtained by 
means of thickness and weight of DLC coatings were shown in Fig. 8.5. 
At –500 V, all densities of coatings synthesized were about 2.0 g/cm3, when the diameter ratio 
of 1/1 was used, the density could reach to the highest value of 3.0 g/cm
3
. With increasing the ratio 
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to 3/1, the coating had the density of 2.3 g/cm
3
. Although when using the smallest diameter ratio of 
1/3 the density measured was the minimum of 2.0 g/cm
3
, the deposition rate was so fast that about 
1 µm thick DLC coating could be deposited after 3 min. For other diameter ratios, by contrast, the 
deposition rate of 2 nm/sec was much smaller than that of about 6 nm/sec. 
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Figure 8.5 Density and deposition rate of DLC coatings deposited at –500 V 
 with da/dc = 1/3, 1/1 and 3/1 
8.2.2 Raman spectra of DLC coatings 
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Figure 8.6 Raman spectrum of DLC coatings deposited at –500 V with different da/dc 
Raman spectroscopy was widely used to analyze the molecular structure of DLC coatings. 
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Fig. 8.6 shows the Raman spectra of DLC coatings deposited at –500 V by vacuum arc with 
different anode-cathode diameter ratio of 1/3, 1/1 and 3/1. One broad G peak at ~1575 cm
-1
 and 
another weak D peak around ~ 1350 cm 
-1
 were seen in Fig. 8.6, as discussed above for –250 V. 
The G peak position, the intensity ratio of the D and G bands and FWHM after Raman spectrum 
fitting with Gaussian curves were obtained in Table 8.2. 
Table 8.2 Variation of G position, FWHM and the ID/IG ratio of DLC coatings deposited  
at –500 V with different da/dc 
da/dc G position / cm
-1
 ID/IG FWHM (G) 
1A/3K 1554 0.87 177 
1A/1K 1554 0.34 205 
3A/1K 1557 0.73 186 
 
For DLC coating deposited with da/dc = 1/1, the G peak intensity in Raman spectra (red curve) 
was highest and it had the lowest ID/IG of 0.34, as well as the largest value of FWHM seen in Table 
8.2. However, the positions of G peaks of coatings with different da/dc were at ~ 1554 cm
-1
. As is 
well known, although the visible Raman spectra of DLC coatings mainly came from the order of 
sp
2
 bond carbon, the sp
2
/sp
3
 fraction could be probed by Raman scattering [5]. 
In addition, according the amorphization trajectory described by Ferrari and Robertson [5], 
the sp
3
 content of DLC coatings can be estimated from G position and ID/IG. Thus, it was indicated 
that it belonged to the stage 2: from graphite to nano-crystalline graphite when the DLC coatings 
were deposited at –500 V. Moreover, with increasing da/dc the sp
3
 content was increased first then 
reduced. When using da/dc = 1/1, the higher content of sp
3
-bonded carbon could be obtained, and 
the DLC coating had the highest density as shown in Fig. 8.5. 
8.2.3 Particle size distribution of DLC coatings 
After tribological test, the collected wear particles were measured using the particle size 
analyzer. Here the volume density distribution was used to characterize the size of particles. When 
DLC coatings were deposited at –500 V with different da/dc, the results of wear particle size 
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distribution were shown in Fig. 8.7. With the diameter ratio of 1/1, although the smaller particles 
(< 10 µm) could be obtained, a larger number of wear particles were generated compared with the 
amount of wear particles with da/dc = 1/3 or 3/1 (Fig. 8.7 left). 
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Figure 8.7 Volume density distribution q3(x) at –500 V with different da/dc 
In Fig. 8.7 (right), it was found that the wear particle size distribution was bimodal no matter 
which anode-cathode diameter ratio was chosen. At one peak of ~ 50 µm, for da/dc = 1/3 and 3/1, 
they had almost the same amount of particles due to the same peak height. Another peak was 
distributed ~ 3 µm for da/dc = 1/3. However with increasing the ratio to 3/1, another peak position 
was shifted from ~ 3 µm to ~ 1 µm and the amount of particles was reduced. Therefore, when the 
substrate bias was at –500 V, using the ratio of 3/1 will be propitious to get the smaller size and 
quantity of wear particles. 
8.2.4 Conclusion 
The DLC coatings were deposited at –500 V with the anode-cathode diameter ratio of da/dc = 
1/3, 1/1 and 3/1. All density values of coatings were larger than 2.0 g/cm
3
. The DLC coating with 
the higher density of about 2.5 g/cm
3
, deposited with da/dc = 1/1, was obtained. In addition, the 
deposited coating had the smallest ratio of ID/IG of 0.34, which indicated that the coating also had 
higher sp
3
 content. Furthermore, the wear particles of coatings deposited with da/dc = 1/1 were 
smaller than 10 µm and there was the presence of bimodal peak at ~ 1 µm and 5 µm. When da/dc 
was 1/3 and 3/1, there was no big difference in the density and ID/IG, even the distribution range of 
wear particles of 0.45 µm ~ 200 µm is similar, which was larger than it for da/dc = 1/1. 
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Additionally, in the particle size distribution the peak height at smaller size was higher than the 
peak height at larger size. Therefore, when the DLC coating was deposited at –500 V, the larger 
anode-cathode diameter ratio of 3/1 was better than smaller one of 1/3 for reducing the wear 
particle size. 
8.3 Substrate bias at –750 V 
8.3.1 Density and deposition rate of DLC coatings 
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Figure 8.8 Density and deposition rate of DLC coatings deposited at –750 V 
 with da/dc = 1/3, 1/1 and 3/1 (-700 V) 
In this group, a negative bias of –750 V was used to apply to the substrate. There were two 
samples for each ratio. Here it must be noted that when DLC coating was deposited with da/dc=3/1, 
the substrate bias was –700 V not –750 V. The influence of the anode-cathode diameter ratio on the 
density and deposition rate of DLC coatings is shown in Fig. 8.8. 
With increasing the electrode diameter ratio from da/dc = 1/3 to 3/1, the density of DLC films 
was increased first then decreased to 1.2 g/cm
3
 at 3/1. When the ratio of 1/1 was used, the DLC 
coating deposited at –750 V had the highest density of 2.5 g/cm3. When DLC coating was 
deposited with anodic arc, e.g. 1/3, the density was 2.1 g/cm
3
 and the deposition rate was faster 
comparing with cathodic arc, e.g. 1/1 and 3/1. 
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8.3.2 Raman spectra of DLC coatings 
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Figure 8.9 Raman spectrum of DLC coatings deposited at –750 V with different da/dc 
Raman spectra of DLC coatings deposited at –750 V with different anode-cathode diameter 
ratio of 1/3, 1/1 and 3/1 were shown in Fig. 8.9. The corresponding G peak positions, the ratios of 
ID/IG and FWHM (G) after Raman deconvolution were shown in Table 8.3. Before fitting the 
spectra, a linear background was subtracted. In Fig. 8.9 one broad peak appeared at ~ 1550 cm
-1
 
lower than the true G band due to the bond disorder. Another weak peak at ~ 1350 cm
-1
 is found 
assigned to D band arising from aromatic rings [5]. 
Table 8.3 Variation of G position, FWHM and the ID/IG ratio of DLC coatings deposited  
at –750 V with different da/dc 
da/dc G position / cm
-1
 ID/IG FWHM (G) 
1A/3K 1553 0.85 179 
1A/1K 1556 0.85 178 
3A/1K (700 V) 1550 0.49 195 
When the DLC coating was deposited at –700 V with 3/1, the ratio of ID/IG was the minimum 
of 0.49 and the FWHM was the maximum resulting from more bond length and bond angle 
disorder. Although the Raman spectra of DLC coatings with 1/3 and 1/1 were completely different 
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(see Fig. 8.9), after fitting they had the same ID/IG and FWHM, even similar G position (see Table 
8.1). Actually the intensity of G peak for 1/1 was higher than that for 1/3 obviously, so that’s 
indicated that the intensity of D peak for 1/1 was lower than it for 1/3. Additionally, the ratio of 
ID/IG was increased when decreasing the anode-cathode diameter ratio, which indicated that more 
disorder was introduced into the coatings at anodic arc. 
8.3.3 Particle size distribution of DLC coatings 
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Figure 8.10 Volume density distribution q3(x) at –750 V with different da/dc 
Fig. 8.10 shows the particle size distribution of DLC coatings deposited at –750 V. It was 
found that with varied anode-cathode diameter ratio the different distribution curve was plotted. 
Especially for da/dc = 1/1, the particles distributed in the range of 0.3 µm ~ 10 µm and most 
particles were distributed at ~ 1 µm and 5 µm. Although the size of particles of coatings deposited 
with da/dc = 1/1 was smaller, the larger amount of particles was generated, compared with other 
anode-cathode diameter ratios of 1/3 and 3/1. 
Due to big peak height of 1/1, the particle size distributions of 1/3 and 3/1 must be plotted 
separately in Fig. 8.10 (right). It was found that the height of bimodal peak was the same when the 
DLC coating was deposited with da/dc = 1/3 and 3/1, nevertheless, the height of peak at ~ 1µm was 
higher than that of peak at ~ 50 µm for da/dc = 3/1. Additionally, with increasing the ratio from 1/3 
to 3/1, the height of peak at ~ 1µm was increased and the height at ~ 50 µm was reduced. 
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8.3.4 Conclusion 
DLC coatings were deposited at –750 V with the anode-cathode diameter ratio of da/dc = 1/3, 
1/1 and 3/1 (–700 V). There were two peaks in the curve of volume density distribution q3(x) of all 
DLC coatings. With increasing da/dc from 1/3 to 3/1, it was found that the frequency distribution 
was shifted down to the smaller size. When the ratio of 1/1 was used, the particle size distribution 
was in the range of 0.3 µm ~ 10 µm, much smaller than those of 1/3 and 3/1 which were distributed 
in the range of 0.45 µm ~ 200 µm. Furthermore, the intensity ratio of D and G bands was decreased 
with increasing the anode-cathode diameter ratio. Therefore, when the substrate bias of –750 V 
was chosen, DLC coating was deposited with da/dc = 3/1 better than with 1/3. 
8.4 Substrate bias at –1000 V 
8.4.1 Density and deposition rate of DLC coatings 
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Figure 8.11 Density and deposition rate of DLC coatings deposited at –1000 V with different da/dc 
Fig. 8.11 shows the density and deposition rate of DLC coatings deposited at –1000 V with 
the anode-cathode diameter ratio of 1/3, 1/1 and 3/1. There were two samples for each ratio. It 
was found that the density was lower than 2.0 g/cm
3
. The deposition rate was decreased with 
increasing the anode-cathode diameter ratio. When the ratio of 1/3 was used, the deposition rate 
quite fast reached to the maximum of nearly 9 nm/sec, comparing with the other ratios of 1/1 and 
3/1. 
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8.4.2 Raman spectra of DLC coatings 
After deposition, the structure of DLC coatings was analyzed using Raman with the visible 
excitation of 514 nm. The Raman spectra of DLC coatings deposited at –1000 V were shown in 
Fig. 8.12. There were two broad peaks at ~ 1575 cm
-1
 of G band and ~ 1355 cm
-1
 of D band due to 
all sp
2
 sites. The other main Raman parameters to monitor carbon bonding are values of ID/IG and 
FWHM (G), which can be obtained using Raman fitting as shown in Table 8.4. 
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Figure 8.12 Raman spectrum of DLC coatings deposited at –1000 V with different da/dc 
Table 8.4 Variation of G position, FWHM and the ID/IG ratio of DLC coatings deposited  
at –1000 V with different da/dc 
da/dc G position / cm
-1
 ID/IG FWHM (G) 
1A/3K 1554 0.92 192 
1A/1K 1554 0.81 173 
3A/1K  1544 0.41 187 
According to ref. [5] ID/IG is a measure of the size of the sp
2
 phase organized in rings in 
amorphous carbons. With increasing the anode-cathode diameter ratio, the ratio of ID/IG was 
decreased to 0.41 at 3/1. The sp
2
 phase was mainly organized in rings for the DLC coating 
deposited with the smaller anode-cathode diameter ratio. When the larger ratio of 3/1 was chosen, 
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the sp
2
 phase in rings was raised, more than it in chains. 
In addition, FWHM had higher value when the DLC coating was deposited at –1000 V with 
da/dc = 1/3, which resulted from a higher bond length and bond angle disorder for a given cluster 
size. In this work, the excitation energy for Raman was constant so clusters in the coatings 
deposited have nearly same size [6]. 
8.4.3 Particle size distribution of DLC coatings 
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Figure 8.13 Volume density distribution q3(x) at –1000 V with different da/dc 
The wear particles were collected in the deionized water after tribological test, and then 
measured by the particle size analyzer. Fig. 8.13 shows the volume density distribution of DLC 
coatings deposited at –1000 V. It was found that for da/dc = 1/1 the particle size distribution was in 
the range of 0.3 µm ~ 10 µm and large amount of particles distributed at the smaller size of ~ 1 µm 
(Fig. 8.13 (left)). In Fig. 8.13 (right), the distribution curves of particles for da/dc = 1/3 and 3/1 
were separated from Fig. 8.13 (left). It was observed obviously the peak height at smaller size was 
higher than that at larger size of ~ 50 µm. For the diameter ratio of 3/1, large amount of particles 
distributed in the smaller size of ~ 1 µm, however for 1/3, most particles were in the range of 1 µm 
~10 µm. 
8.4.4 Conclusion 
The DLC coatings were deposited at –1000 V with the anode-cathode diameter ratio of da/dc 
= 1/3, 1/1 and 3/1. With increasing da/dc the deposition rate was decreased and the density was 
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increased first and then decreased to the minimum at the diameter ratio of 3/1. For bimodal 
distribution of wear particle size, the peak for q3(x) around the smaller size of ~ 1 µm was higher 
than it around the larger size of ~ 50 µm. In addition, the ratio of ID/IG was decreased to 0.41 with 
increasing the anode-cathode diameter ratio to 3/1. The curve of wear particle size distribution 
downshifted to the smaller than 1 µm when the DLC coating was deposited with da/dc = 3/1. 
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9. Influence of substrate bias and da/dc on adhesion 
(Cavitation erosion) 
9.1 Anode-cathode diameter ratio of da/dc = 1/3 
The DLC coatings were deposited with an anode-cathode diameter ratio of da/dc = 1/3 and ion 
density of 7.163×10
11
 cm
-3 
at a DC bias of –250 V, –500 V, –750 V and –1000 V for 3 minutes 
each. Austenite stainless steel P2000 was used as substrate material for the deposition of carbon 
coatings. In order to improve the adhesion of DLC coating to substrate, Ti as interface layer was 
deposited by cathodic vacuum arc evaporation prior to the deposition of DLC coating (see chapter 
5.1 for details). 
 Wear experiments by cavitation erosion 
After deposition of DLC coatings, samples were placed on the substrate holder of cavitation 
testing setup, and immersed in the water (27 ℃). The ultrasonic equipment (see chapter 4.3) was 
used for cavitation erosion of DLC coatings with a sonotrode of the frequency of 20 kHz and a 
diameter of 5 mm. The distance of 0.7 mm from substrate to sonotrode was constant. The vibration 
amplitude, which can be adjusted, was kept at 75 %. The duration of cavitation erosion testing was 
dependent on the properties of samples. Every sample of DLC coating, deposited by different bias, 
was treated by wear experiments by means of cavitation treatment with different time from 30 s up 
to 1800 s. After cavitation testing, the surface damage was measured by means of quantitative 
image analysis. 
 Results and discussion 
As shown in Fig. 9.1, the surface damage (% of charged area) by cavitation treatment of up to 
360 s was observed with quantitative image analysis for DLC coating deposited at –500 V. The 
diameter of the worn areas at the insert surface (about 5 mm) corresponded to the tip of the 
sonotrode in the cavitation equipment. The image showed a small spot with the diameter of about 1 
mm when the surface was treated under cavitation erosion for 30 s and 60 s. With increasing the 
time of cavitation charging from 120 s to 300 s, the images were characterized by concentric rings 
in the damaged area as shown in left side of the image insert in Fig. 9.1. After 180 s of cavitation 
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charging, the surface damage of the DLC coating increased linearly with cavitation duration. 
When the duration was up to 360 s, nearly 60 % of surface was damaged. 
 
Figure 9.1 Wear damage of cavitation erosion of DLC coating deposited with da/dc = 1/3 at –500 V 
 
Figure 9.2 Wear damage by cavitation erosion of DLC coatings 
The wear damage (% of charged area) by cavitation erosion of all DLC coatings with the bias 
of –250 V, –500 V, –750 V and –1000 V is shown in Fig. 9.2. At –250 V, nearly 50 % of surface 
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was destroyed by cavitation erosion after 180 s (see Fig. 9.2). With increasing the bias to –500 V, 
the surface damage halved to about 25 % compared with the DLC coating deposited at –250 V. 
When the bias was increased to –750 V and –1000 V, no damaged surface was found on the 
surface of samples after 180 s cavitation. 
When the DLC coating was deposited at the bias of –750 V, at the beginning of 300 s of 
cavitation charging, there was no worn area on the surface. With increasing the charging time up to 
600 s, the color started to change. About 30 % of surface area was destroyed after 1200 s. However, 
for DLC coating at –1000 V no damage could be seen with naked eyes even though the sample was 
done by cavitation treatment of up to 600 s. When the cavitation duration was up to 1200 s, there 
was less damage on the surface, approximately 12 %, than the worn area of DLC coating at –750 V. 
It was indicated obviously that the worn surface area destroyed by cavitation erosion was 
decreased with increasing the bias from –250 V to –1000 V, which means that the adhesion of DLC 
coating on the substrate was improved with increasing DC bias voltage, especially at –750 V and  
–1000 V. 
As discussed in chapter 7.1.1, with increasing of the DC bias voltage to –750 V the density of 
DLC coatings was increased. As is known, under high ion impingement energies, the ions became 
implanted beneath the surface, where the impact energy was less efficient in promoting surface 
diffusion [1-3]. That means the high ion energy decreased voids from the penetration of the ions 
which made the film denser. What’s more, the high ion impingement energies improve the ability 
of chemical reaction so that it increased the adhesion of amorphous carbon coating with the Ti 
interface layer [4]. 
 Conclusion 
The DLC coatings were produced by vacuum arc deposition with an anode-cathode diameter 
ratio of da/dc = 1/3 by the different DC bias from –250 V to –1000 V. Due to the bad adhesion of 
DLC coating on P2000, the metallic interface layer (Ti) was produced prior to the deposition of 
DLC coating. In order to study the effect of the DC bias on the adhesion of DLC coating to the 
interface layer, the cavitation erosion test was used. It was found that the incubation time of 
cavitation charging was different for DLC coatings deposited by different bias. The incubation 
time was increased with increasing the bias. After incubation period, the surface damage (% 
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charged area) was dependent on the cavitation time, and increased linearly. 
With increasing the bias, the damaged surface examined by quantitative image analysis was 
decreased. The adhesion can be improved by increasing the DC bias voltage due to high ion 
impingement energies. 
9.2 Anode-cathode diameter ratio of da/dc = 1/1 
The DLC coatings were deposited with an anode-cathode diameter ratio of da/dc = 1/1 and ion 
density of 1.47×10
12
 cm
-3 
at a DC bias of –250 V, –500 V, –750 V and –1000 V for 3 minutes each. 
Discs of P2000 stainless steel were used as substrates for the deposition of carbon coatings. In 
order to improve the adhesion between substrate and DLC coating, Ti as interface layer was 
deposited by cathodic vacuum arc evaporation prior to the deposition of DLC coating. The 
vacuum was pumped below 1.5×10
-5
 mbar, and the deposition pressure was kept at 1×10
-3
 mbar ~ 
2×10
-4
 mbar. For more details see the chapter 5.3. 
Here it must be noted that during the arc process the distance between the two electrodes were 
increased with evaporating them. So in order to maintain the arc, the distance of the two electrodes 
must be adjusted during the deposition. However, when DLC coating was deposited at –250 V, the 
deposition had to be ended at 2 min 22 s because the two electrodes could not be closer resulting in 
the arc was not initiated again. Therefore, the deposition time for DLC coating at –250 V was just 
2 min 22 s and the density was 1.98 g/cm
3
 ~ 2.16 g/cm
3
. Moreover, it was found that after 17 h 
storage of sample deposited at –750 V, a few parts of DLC coatings on the edge of sample peeled 
off before cavitation test, which maybe resulted from the internal stress due to the thicker coating 
or quick cooling. 
 Wear experiments by cavitation erosion 
DLC coated samples were placed on the substrate holder of cavitation testing setup, and 
immersed in the water (27 ℃). The ultrasonic equipment was used for cavitation erosion of DLC 
coatings with the sonotrode of the frequency of 20 kHz and the diameter of 5 mm. The distance of 
0.7 mm from substrate to sonotrode was constant. 75 %, as the vibration amplitude which can be 
adjusted, was used in this work. Every sample of DLC coating, deposited by different bias, was 
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treated by wear experiments with different time which depended on the properties of the samples. 
Usually the incubation period of cavitation charging was about few seconds, at which there was no 
measurable wear. After cavitation testing, the surface damage was measured by means of 
quantitative image analysis and analysis software. 
 Results and discussion 
The damaged surfaces’ images of DLC coatings were made by light microscopy after 
cavitation. Although the surface image of DLC coating deposited at –250 V was not so clear that 
there was no good contrast and it was difficult to analyze the surface damage (% charged area) by 
application software, the worn coating areas were visible to the naked eye. It was observed 
obviously that a few small spots appeared after 10 s of cavitation treatment and with increasing the 
charging time to 30 s the surface area was in the form of homocentric circles. When the cavitation 
duration was 60 s, the damaged area was roughly circular in shape with the diameter of 5 mm 
corresponding to the tip size of the sonotrode. The value of the damaged area estimated by 
comparing with other microscopy images was approximately 60 %. 
 
Figure 9.3 Wear damage of cavitation erosion of DLC coating deposited with da/dc = 1/1 at –500 V 
When the DLC coating deposited at –500 V was treated by cavitation test, the surface damage 
as a function of cavitation duration was shown in Fig. 9.3. It was found that there was not any worn 
surface before 120 s and some small spots (only 1 % damaged surface) were observed after 300 s. 
1800 s 
300 s 
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With increasing the duration of cavitation test to 1800 s, more spots appeared as image shows in 
Fig. 9.3 and about 11 % of area was destroyed. 
 When DLC coating was deposited at –750 V, a few parts of coating on the edge of disc peeled 
off before cavitation test due to internal stress as described above. Therefore, the surface in the 
middle of disc was chosen for wear experiments. The worn surface was observed after 420 s of 
cavitation charging (see Fig. 9.4), and the percentage of damaged surface was about 7 % 
calculated by analysis software. However, the cavitation charging also speeded up the peeling 
of coating on the edge of sample, which resulted in a large number of wear debris peeled off 
and dissolved in the water causing the liquid erosion during cavitation test. Thus, 7 % of 
charged area was attributed to not only the repeated treatment of the gas and fluid cavities 
implosion, but also the abrasive wear debris. Actually when the coating on substrate was 
destroyed, even though a little surface was damaged, it was still not appropriate to be used for 
the cavitation test. For this kind of sample, it is difficult to analyze the adhesion of coating on 
the substrate via the cavitation erosion. 
 
Figure 9.4 Light microscopy image of worn surface and corresponding analytical image by software  
after 420 s-cavitation charging of DLC coating deposited with da/dc = 1/1 at –750 V 
However, for the DLC coating deposited at –1000 V, after 1200 s of cavitation erosion no spot 
or any damaged area was visible to the naked eye. When the cavitation time was increased to  
2400 s, it was found that the surfaces’ color was changed a little but no area was destroyed. At least 
the damaged surface could not be observed by the naked eyes. 
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 Conclusion 
In order to investigate the influence of the substrate bias on the adhesion of coating and the 
substrate, a series of DLC coatings were produced by vacuum arc deposition with an 
anode-cathode diameter ratio of da/dc = 1/1 at the different DC bias from –250 V to –1000 V. As is 
well known, due to the poor adhesion of DLC coating on P2000 steel, the DLC coating will not be 
deposited directly on the substrate. Usually the interface layer was used prior to the deposition of 
DLC coating, here Ti was chosen as interface layer. 
As discussed above, after 60 s of cavitation erosion, for DLC coating deposited at –250 V the 
whole circular area with the diameter of 5 mm (60 %) was destroyed totally, by contrast, there was 
no damage observed on the surface of DLC coating deposited at –500 V, –750 V and –1000 V after 
120 s, 180 s and 1200 s, respectively. It was indicated obviously with increasing the bias from  
–250 V to –1000 V, the incubation time of cavitation charging was increased. In addition at –750 V 
about 7 % of surface area was destroyed after 420 s of cavitation duration, but for DLC coating 
deposited at –500 V to obtain the same damaged area the twice time of cavitation charging was 
required. Here it was still difficult to confirm that the adhesion of DLC coating deposited at  
–500 V was better than that of DLC coating deposited at –750 V which had some peeling before 
the cavitation test. However the DLC coating at –1000 V had the best adhesion compared with 
those at other biases. 
9.3 Anode-cathode diameter ratio of da/dc = 3/1 
Austenite stainless steel P2000 was used as substrate material for the deposition of carbon 
coatings. In order to improve the adhesion between substrate and DLC coating, Ti as interface 
layer was deposited by cathodic vacuum are evaporation prior to the deposition of DLC coating. 
The DLC coatings were deposited with an anode-cathode diameter ratio of da/dc = 3/1 and ion 
density of 2.59×10
12
 cm
-3 
at a DC bias of –250 V, –500 V, –750 V and –1000 V for 3 minutes each 
(see chapter 5.3 for more details). 
Fig. 9.5 shows the deposition rate and density of DLC coatings deposited with da/dc = 3/1at 
different substrate bias. It was found that at –750 V more carbon ions were deposited on the 
substrate so that it had the maximum of deposition rate about 3.5 nm/sec compared with other bias, 
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but the minimum value of density. On the contrast, the DLC coating had the maximal density of 
2.3 g/cm
3
 when it was deposited at –500 V. It was indicated that the substrate bias had a big 
influence on the properties of DLC coatings. Therefore, in next section it will be discussed about 
the effect of the bias on the adhesion between DLC coating and substrate by cavitation erosion test. 
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Figure 9.5 Deposition rate and density of DLC coating deposited with da/dc = 3/1 as a function of bias voltage 
 Wear experiments by cavitation erosion 
The ultrasonic equipment (see also chapter 4.3) was used for cavitation erosion of DLC 
coatings with a sonotrode of the frequency of 20 kHz and a diameter of 5 mm. Firstly, the test 
parameters should be fitted. The distance of 0.7 mm from substrate to sonotrode was constant. The 
vibration amplitude, which can be adjusted, was kept at 75 % in this work. Samples with DLC 
coatings were placed on the substrate holder of cavitation testing setup. In order to stabilize the gas 
content of cavitation medium, it is necessary to run the sonotrode for 5 min before the samples are 
immersed in the water (27 ℃). The duration of cavitation erosion testing was from 10 s to 120 s 
dependent on the properties of samples. Every sample of DLC coating was tested by wear 
experiments by means of cavitation treatment. After cavitation testing, the surface damage was 
measured by means of quantitative image analysis. 
 Results and discussion 
As is known, the worn surface (% of charged area) is related to the cavitation duration, 
because no material can withstand the attack of cavitation erosion in the long time [5]. Here the 
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DLC coating deposited at –250 V was used as an example. Fig. 9.6 shows the percentage of the 
damaged surface in the whole area of light microscopy image with the cavitation duration. With 
increasing the time of cavitation charging, more surface was destroyed which was verified in Fig. 
9.6 and Fig. 9.7. 
 
Figure 9.6 Wear damage of cavitation erosion of DLC coating deposited with da/dc = 3/1 at –250 V 
Actually, the samples deposited at other biases showed the same change (see Fig. 9.7). By 
comparing the surface damage of coatings deposited at biases of –250 V, –500 V and –750 V, it 
was found that the minimum of worn area of surface was obtained at –500 V. About 15 % of 
surface area was worn after 30 s of cavitation duration. In contrast, about double percentage was 
damaged for the samples deposited at –250 V and –750 V. That means with increasing the bias 
from –250 V to –500 V, the adhesion of sample was improved first and then decreased when the 
bias was raised to –750 V. That seems to be related to the density which has the maximum at  
–500 V as shown in Fig. 9.5. Additionally, during cavitation test there was small difference at the 
beginning of 10 s and 20 s for all samples. After 30 s of cavitation erosion, the percentage of worn 
area was increased rapidly comparatively with that after 10 s or 20 s. 
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Figure 9.7 Wear damage by cavitation erosion of DLC coatings deposited with da/dc = 3/1 at different biases of 
–250 V, –500 V, –750 V and –1000 V 
For the coating deposited at –1000 V, after 10 s cavitation test or even 20 s, no visible worn 
surface could be observed. With increasing the testing time to 30 s, a small spot appeared on the 
surface. After analyzing by software just only 1 % of surface area was damaged, which indicated 
that the sample had a better adhesion at –1000 V than at other biases. Thus, if the adhesion 
correlated with the density as discussed above, the sample at –500 V should have the better 
adhesion than that at –1000 V. However, it was obviously found when the substrate bias was 
increased to the highest value of –1000 V, the adhesion of coating to substrate was improved. 
 Conclusion 
When the DLC coating was deposited by vacuum arc with an anode-cathode diameter ratio of 
da/dc = 3/1, the influence of bias on the adhesion of coating to substrate was investigated. It was 
found that at the highest bias of –1000 V, the coating adhered to the substrate better than for other 
biases. For the DLC coatings deposited at other biases, except –1000 V, the adhesion of sample at 
–500 V was better than others. Nevertheless, there was still more than 10 % of surface area 
destroyed after 10 s of cavitation erosion. According to the result of density and cavitation erosion, 
it was known that the adhesion could be improved by increasing the substrate bias, no matter how 
the density was influenced by the bias. 
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10. Conclusion and Future Work 
10.1 Contributions 
The most important contribution of this dissertation is a new approach-design of wear particle 
size distribution of DLC coatings which can be optimized by a new vacuum arc deposition with 
adjustable anode-cathode diameter ratio. Several challenges have been faced and solutions were 
found. In particular, the initial research questions were clearly answered: 
1. This new vacuum arc deposition is dependent on the anode-cathode diameter ratio. 
When the ratio of 1/3 is used it belongs to anodic arc which can reduce the industrial 
cost of the coated products and increase the deposition rate compared to traditional 
plasma filtering designs. 
2. The interface layer of Ti makes it possible to deposit DLC coatings on austenite steel 
substrates by using new vacuum arc deposition. 
3. The properties of DLC coatings are influenced by the deposition parameters. 
4. Appropriate anode-cathode diameter ratio and substrate bias make it possible to 
adjust or reduce the wear particle size. 
Moreover, the experimental studies show that some problems can be resolved during the 
deposition of DLC coatings, tribological test and particle size distribution analysis. 
In summary, this dissertation makes the following original contributions: 
1. For bad adhesion of DLC coating on P2000-steel substrate 
Although the adhesion is not the main subject in my research, Ti as interface layer can make 
the adhesion of DLC coating to substrate better. Additionally, it is confirmed that the adhesion can 
be improved by increasing the negative DC bias based on the introduction of Ti. 
2. For tribological test setup 
Comparing with the traditional disc-on-pin wear testing setup, using disc-on-disc setup 
produces more wear particles which is beneficial to the particle size distribution analysis. 
Furthermore, it is confirmed by lots of experiments that it is difficult to increase the concentration 
of particles by changing the radius of the wear track when the traditional disc-on-pin wear testing 
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setup is used. Although the radius of the wear track can be adjusted, it can be done only in the 
lubricant which is difficult to avoid the contamination. 
3. For particle size distribution analysis 
Wear particles in the deionized water are collected in the container made of 
Polytetrafluoroethylene (PTFE) in order to prevent adsorption. The agglomeration of wear 
particles can be solved by ultrasound for 2 min or adding dispersion agents (detergent). The 
volume cumulative distribution and volume density distribution (volume frequency distribution) 
are chosen to measure the particle size. 
10.2 Conclusions 
Diamond-like carbon (DLC), known as amorphous carbon, is a class of materials with 
different structures and properties, which make them suitable for use in the biomedical 
applications, particularly in tribological implants such as hip joint replacements. The study of wear 
particles as the main factor limiting the lifetime of the implants has attracted more and more 
interest in the field of artificial hip joint, not only the number of them, but also the distribution of 
their size. As is well known, the structure and properties of DLC coatings can be varied in a wide 
range which can be adjusted by the deposition parameters. 
In this research DLC coatings were deposited by a new vacuum arc adjustable from anodic to 
cathodic operation mode, with the anode-cathode diameter ratios of 1/3, 1/1 and 3/1 at a DC 
substrate bias of –250 V to –1000 V. A number of interesting and important discoveries have been 
made experimentally. The most important results are summarized in the following paragraphs. 
First, in order to improve the adhesion of DLC coating to the substrate of P2000 steel, the 
interface layer of Ti in the silver color was deposited by cathodic vacuum arc successfully (see 
chapter 5.1). The relationship between deposition pressure and arc voltage as well as current was 
studied, which influenced the uniformity of interface layer. At the higher pressure of ~ 10
-2
 mbar 
the voltage and current were kept at 30 V ~ 40 V and 40 A ~ 60 A, respectively. This kind of higher 
voltage and lower current is not good for the uniformity of Ti. When the deposition pressure was 
decreased to below ~ 10
-3
 mbar, the lower voltage of 20 V and higher current of 74 A were 
obtained which was used as the deposition parameters of Ti with good uniformity. 
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The structure of DLC coating was analyzed by the visible Raman spectrum. Multi-peak 
fitting analysis of Raman spectra on DLC coatings deposited by a new vacuum arc method were 
investigated (see chapter 6.1). It was confirmed that the simple two-Gaussian fit to characterize the 
D and G peaks is not suitable to deconvolute the Raman spectra of DLC coatings. The Raman 
spectra can be fitted very well with the four-peak fitting (~ 1180 cm
-1
, ~1350 cm
-1
, ~ 1490 cm
 1 
and 
~ 1580 cm-
1
) with full Gaussian function. 
In order to make sure almost all wear particles generated by tribological test (disc-on-disc) 
are from DLC coatings not from interface layer of Ti or substrate of P2000, the appropriate 
tribological parameters are very important, e.g. normal force and velocity (see chapter 6.2). For 
the DLC coatings deposited by vacuum arc with da/dc = 1/1, the load of 100 N and the velocity of 
0.01 m/s were used, which was also influenced by the substrate bias. When –750 V is applied to 
the substrate, the load and the velocity must be increased in order to get enough wear particles. 
When the anode-cathode diameter of 1/3 and 3/1 were chosen, the normal force and the rotation 
speed were varied, especially the normal force changed with the bias too. By tribological test, the 
wear mechanism was studied as well. Actually many mechanisms are involved in the process of 
wear. For DLC sliding against DLC, the main mechanisms are adhesive wear and abrasive wear, 
sometimes combined with delamination wear. 
The influence of substrate bias from –250 V to –1000 V on the particle size distribution of 
DLC coatings was investigated (see chapter 7). With increasing the bias from –250 V to –1000 V, 
the maximum of frequency distribution of wear particles had the trend towards the smaller 
particles. 
For 1/3 there were three peaks around ~ 1 µm, ~ 5 µm and ~ 50 µm and the peak height of ~ 
50 µm was decreased gradually with increasing the bias. For 3/1, the peak of ~ 5 µm disappeared 
so that there was the bimodal peak in the curve of distribution. Moreover, the maximum of the 
curve was shifted from ~ 50 µm to ~ 1 µm. Thus, it can be estimated that all wear particles can be 
distributed below 1 µm at the higher substrate bias approximately –1100 V.  
When DLC coating was deposited with the anode-cathode diameter ratio of 1/1, the smaller 
wear particles of 0.3 µm ~ 10 µm were generated. The DLC coating deposited at –500 V has the 
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lowest Ra and ID/IG. With increasing the bias to –750 V, the lowest friction coefficient of 0.035 was 
attained and the DLC coating had the lowest wear rate of 10
-5
 g/h. At –1000 V, the wear particle 
size decreased and the largest amount of particles was smaller than 5 µm.  
The influence of da/dc = 1/3, 1/1 and 3/1 on the properties and particle size distribution of 
DLC coatings was investigated (see chapter 8). When DLC coating was deposited with the 
anode-cathode diameter ratio of 1/1, the density was higher than that with other modes of 1/3 or 
3/1. The deposition rate was decreased with increasing da/dc, thus, it can reach to the maximum 
with the mode of anodic arc (da/dc = 1/3) no matter which substrate bias was applied. The lowest 
ratio of ID/IG was obtained corresponding to different bias with different mode, e.g. at –250 V,  
–700 V and –1000 V corresponding to da/dc = 3/1. At –500 V, when the mode of 1/1 was used, the 
DLC coating with the lowest ID/IG of 0.34 was deposited. 
For the modes of 1/3 and 3/1, the range of wear particle size was broader between 0.3 µm and 
200 µm, by contrast, the wear particle size distribution was in the range of 0.3 µm ~ 10 µm for the 
ratio of 1/1. As discussed above, the substrate bias was also one main factor for the distribution of 
particle size. In a word, with increasing the anode-cathode diameter ratio and bias, the frequency 
distribution shifted to smaller particle size. 
The influence of substrate bias and da/dc on adhesion of DLC coatings to substrate was 
studied by means of cavitation erosion (see chapter 9). There was an incubation time of cavitation 
charging which was increased with increasing bias. When the DLC coatings were deposited with 
the same da/dc and treated for the same cavitation duration, the worn surface area of coating was 
decreased with increasing bias. Comparing with the modes of 1/3 and 1/1, the DLC coatings 
produced with 3/1 had the shorter incubation time. However when the DLC coating was deposited 
with 3/1 at –1000 V, just only 1 % of surface area was damaged. Consequently, the adhesion of 
DLC coating to the substrate can be improved by the higher bias and suitable da/dc. 
10.3 Limitations 
The following paragraphs elaborate on the limitations during deposition and analysis of the 
DLC coatings due to limited equipment and times, as well as current solution that do not fit in with 
the industrial-scale requirements. 
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1. Deposition of Ti interface layer and DLC coatings 
During deposition of Ti, there is no any gas introduced into the vacuum chamber so that the 
working pressure is not stable; thereby sometimes the arc extinguishing happens during deposition. 
Actually, the same problem can be faced in the deposition of DLC coatings, although without any 
gas the deposition of DLC coatings using vacuum arc can be realized with adjustable 
anode-cathode diameter ratio. 
Moreover, the thicknesses, even uniformity of films (Ti or DLC) are different although they 
are treated under the same parameters excepting the deposition pressure which is difficult to make 
it constant. In particular, the influence of thickness of Ti on the deposition of DLC coatings is 
neglected in this work. Meanwhile, during deposition of DLC coatings the effect of the values 
referring to thickness, including density and deposition rate of coatings is without consideration. 
2. Preparation and analysis of wear particles 
During the production and collection of wear particles, one has to take account of the 
concentration and purity of wear particles. However, it is difficult to get the high concentration of 
particles by reducing the content of solvent (lubricant). In addition, it is not the best way to 
increase the amount of particles by using disc-on-disc setup, although it is better than using 
disc-on-pin. Actually in the motion of hip joint, the contact area is not simple flat face to flat face. 
Furthermore, it is impossible to avoid absolutely the impurity from air or equipment itself.  
3. Application in artificial hip joints  
As well known, the environment of hip joint in body is full of synovial fluid consisting of not 
just water, also the presence of protein. Although in metal/metal hip joints with both sides DLC 
coatings the results are reported that the presence of protein is not a main requirement for low wear, 
the lubricant is a main factor in the tribology. So the deionized water as a lubricant is not enough, 
other bovine serum or NaCl (aq) should be used in order to simulate the true tribological 
environment better. 
Finally, apart from the limitation discussed above, the software for analyzing the damaged 
surface area in the cavitation test also needs to be improved, although this software has been edited 
many times. It depends on the image quality of light microscope. Because the percentage of worn 
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area is related to the threshold value select during calculation. 
10.4 Future work 
This dissertation has investigated the potential of adjusting the wear particle size distribution 
by optimizing some deposition parameters of new vacuum arc mode. Actually, the limitation 
discussed in the previous section also opens up several future research directions of experiments. 
Moreover, due to limited time this research work could not be finished, which can be done in the 
future work, for example the maximum of DC bias, thickness of DLC coatings and pulsing bias 
instead of DC bias. The following paragraphs elaborate on several future research directions that 
have been identified. 
1. The interface layer Ti 
In this work, the adhesion is not the main point of research. In the future the adhesion should 
be considered. First according to the review in chapter 3.3 it is known that the different 
concentrations of Ti in DLC coatings have the effect on the adsorption of different proteins in 
Ti-DLC coating. So how does the thickness of titanium interface layer influence the properties and 
adhesion of DLC coatings? Second, the multilayers can be introduced instead of Ti to improve the 
adhesion. Is it possible that the multilayers adhere better on P2000 than Ti and DLC adheres 
better on multilayers than Ti? 
2. Lubricant of tribological test 
As discussed in the section of limitation above, in order to simulate the body environment 
better, other lubricants are necessary to use instead of deionized water. Will different lubricants 
influence the wear particle size distribution of DLC coatings? And how does it influence? 
3. DC bias 
As described in the section of summary of experimental discoveries, the frequency of particle 
size distribution has the tendency to the smaller size with increasing the substrate bias to –1000 V 
which is the maximum applied voltage of the bias supply, in particular for anode-cathode diameter 
ratio of 3/1. Is it possible to make the wear particle downshift below 1 µm when the DC bias is 
increased to more than –1000 V? 
4. Thickness of DLC coatings 
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In many literatures [1-3], the effect of thickness (< 200 nm) on the properties, primarily 
compressive stress and adhesive strength, of the DLC coatings has been investigated. In this work 
the thickness of DLC coating is in the range of 200 nm ~ 1500 nm which is dependent on the 
vacuum arc mode. Additionally, the wear particle size distributes in the range of 0.3 µm ~ 10 µm 
for 1/1, and 0.3 µm ~ 200 µm for 1/3 and 3/1. However, DLC coatings in higher thickness ranges 
where the substrate is not of importance were not been considered in this dissertation. Thus it will 
be worth to investigate whether the wear particle size distribution can be influenced by the higher 
thickness of DLC coating (> 1 µm) and how. 
5. Pulsing bias 
DC bias has the advantage of improving nucleation density due to providing the mobility to 
the atoms/ions besides substrate cleaning and substrate heating. However, the disadvantages of DC 
bias also have been introduced. When the voltage is so high that the positive electric charges are 
accelerated on the surface of DLC coating, it will result in rejecting other ions and influence the 
uniformity of coatings. According to literatures [4-8], it is reported that this problem can be 
resolved by the pulsing bias due to the presence of off-time. Because during off-time there are no 
ions bombarded to the surface so that the acceleration of charges can be released. Moreover, the 
internal stress can be reduced by applying the pulse bias. Some parameters of pulse bias supply, e.g. 
the frequency, as well as duty ratio, will influence the properties of coatings [4, 8-9]. If the pulse 
bias instead of the DC bias is used, will the wear particle size distribution of DLC coatings be 
changed with the parameters of pulse bias supply? 
The above mentioned questions should be answered by further research in a separated thesis. 
The aim is to adjust the DLC coatings for artificial hip joints to get enhanced lifetime of the 
prosthesis. 
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Appendix 
Software Colorful world programed by Guan for cavitation test 
1. To load the original image of light microscopy 
 
 
 
2. To delete the black area on the edge of image based on the same picture size 
Otherwise the result will be influenced 
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3. To select one threshold value 
Here must be noted that different percentage of worn area was calculated with different 
threshold value, although the image gives no difference by naked eyes. The selection of threshold 
value is dependent on the color of worn surface, nevertheless sometimes for one image, the color 
of damaged surface is gradually changed, which corresponds to the range of grey level, not just 
black or white. That means one certain threshold value is not enough. 
 
 
 
 
 
Threshold value: 60 
The worn area: 9.31% 
Threshold value: 70 
The worn area: 10.1% 
Appendix 
165 
 
4. When new function is added into the software, the special image can be calculated. 
The threshold value is a range, which you can chose as you want. By comparing with the original 
worn area, one can make sure whether the chosen values are suitable or not. 
 
 
 
